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Abstract 
Many geochemical models of magmatic processes, such as the formation of the 
Earth’s metallic core, are based on trace element partition coefficients. 
Fundamental to these models is an understanding of how partition coefficients vary 
with pressure. The main objective of this thesis is to explore one factor that controls 
the pressure-dependence of partitioning: the coordination environment (i.e. the 
number of bonded oxygens) of cations in silicate melt.  
Changes in the coordination number of major elements, Si and Al, are well known 
to occur in natural melts with pressure, but similar changes have been 
demonstrated for only a few trace elements: Ni, Co and Lu. In this work, 
coordination environments of Ge were Ga were studied. X-ray absorption 
spectroscopy of aluminosilicate glasses was used to show that both Ge and Ga 
begin to change their coordination from about 1 GPa, and this change is not yet 
complete at 10 GPa.  
In glasses quenched from high-pressure melts, Ge and Ga average coordination 
increased rapidly between 4 and 5 GPa, suggesting that a change in major element 
coordination might influence the coordination of both trace elements. To assess this 
possibility, nuclear magnetic resonance spectroscopy was used to determine 
changes in the local environments of major elements in the same or similar glasses 
to which Ge and Ga coordination was studied. Al coordination changed rapidly 
between 4 and 5 GPa, as had been observed for Ge and Ga. In particular, the Ga 
and Al average coordination numbers correlate well. These observations indicate 
that changes in the coordination of major elements may indeed influence the 
coordination of trace elements. 
The effect of a Ge coordination change on partitioning was determined by 
conducting olivine-melt partitioning experiments up to 4.5 GPa. The results show 
that Ge becomes more incompatible with increasing pressure, whereas if no 
coordination change took place, the opposite behaviour would be expected. 
However, existing models are insufficient to describe the effect of coordination 
changes on partitioning behaviour. 
 x 
The observed coordination changes of Ge4+ will be relevant in models of the Earth’s 
core formation only if Ge4+ is the stable species at the reducing conditions of the 
magma ocean at that time (below the iron-wüstite oxygen buffer, IW). However, 
previous work has indicated the possibility of Ge2+ stability in silicate melts around 
these conditions. This was tested using X-ray absorption spectroscopy of glasses 
quenched from melts prepared at varying oxygen fugacity. The spectra show that 
the Ge4+–Ge2+ transition occurs over the range ∆IW +2 to ∆IW -2. Olivine-melt 
partitioning experiments indicate that Ge2+ is highly incompatible, in contrast to 
Ge4+, which has a partition coefficient close to one. 
 
Contributions 
The key contributions made by this thesis are as follows: 
• The first observations of pressure-induced coordination changes of Ge4+ and 
Ga3+ when dissolved as trace cations in silicate melts; this extends the so-far 
limited work on trace element coordination changes 
• A discussion of the effect of coordination changes on trace element 
partitioning 
• The first evidence to suggest that major element coordination changes may 
influence those of trace elements 
• The first spectroscopic evidence for the stability of Ge2+ in silicate melts at 
low oxygen fugacity, and the first constraints on the olivine–melt 
partitioning of this species (which indicate that it is highly incompatible) 
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Chapter 1: Overview 
Silicate liquids have been involved with much of the chemical differentiation and 
ongoing evolution of the Earth, and other planetary bodies. Earth is a relatively 
large planet, at least in comparison to the other rocky planets in our solar system, 
and so it can sustain very high pressures in its interior. At very high pressures, the 
structure and properties of silicate liquids are known to change. Yet we are only 
beginning to understand these changes and their consequences for planetary 
evolution. 
This thesis is concerned with how pressure-induced changes in the structure of 
silicate liquids may affect the distribution of trace elements. Trace elements 
(elements of low abundance in a system) are widely used to test and refine our 
models of large-scale magmatic processes. Presently, the strength of our models is 
hampered by an incomplete understanding of how trace elements behave in silicate 
liquids at high pressures. The behaviour of trace elements is fundamentally tied to 
the structural changes that may occur in silicate liquids with pressure. Therefore, 
the objective of this thesis is to explore these structural changes and their effect on 
the behaviour of trace elements. 
In this introductory chapter, I begin with an overview of the importance of silicate 
liquids in the Earth. I then discuss the geochemical constraints that we have on 
major magmatic processes that have occurred during Earth’s history, and show that 
understanding the behaviour of trace elements at high pressure is key to these 
models. Next I provide an overview of the structure of silicate liquids and the 
changes that occur with pressure, and explain how these changes may affect trace 
elements. I then describe how I will build on previous work in this thesis, and 
provide a justification for the approach I have taken. Finally I set out the research 
questions and the structure of the thesis. 
1.1 The importance of silicate melts in the Earth 
The importance of silicate liquids in planetary evolution cannot be understated. For 
example, magma oceans are thought to have formed on several planetary bodies 
during their early history, as a result of the energetic collisions that led to planetary 
 18 
accretion (Taylor and Norman 1992). These magma oceans would have enabled 
efficient segregation of metal and silicate to form planetary cores, and the 
subsequent crystallisation of the silicate magma could have profound influences on 
the differentiation of the silicate part of planets (Carlson et al. 2014). In the Earth, 
layers of neutrally buoyant melt may still exist in the mantle, and these melt layers 
may influence the distribution of volatile and incompatible trace elements (Tauzin 
et al. 2010). Furthermore, in geologically active planets such as the Earth and 
Venus, ongoing melting in the upper mantle and crust fundamentally influences the 
evolution of the planetary surfaces and their atmospheres (Ryan and Chauvel 2014; 
Mikhail and Heap 2017). 
The best evidence that we have for a magma ocean on the early Earth comes from 
two geophysical arguments. The first argument is that the energetic nature of 
planetary accretion would have generated a great deal of heat. For example, the 
moon-forming impact should have led to extensive melting on the proto-Earth 
(Cameron and Benz 1991; Tonks and Melosh 1993; Elkins-Tanton 2012; de Vries 
et al. 2016). The second argument is that the process of core formation appears to 
have been so efficient that it must have occurred in a magma ocean. If there was no 
magma ocean, molten metal could not have percolated through a solid silicate 
matrix without leaving some residual metal behind. No metal is seen in the rocks of 
the upper mantle, so it is assumed that metal-silicate segregation must have 
occurred in a magma ocean, where the process would be more efficient (e.g. 
Stevenson 1990; Shannon and Agee 1996; Bagdassarov et al. 2009).  
A remnant of this magma ocean may still exist in the lower mantle, although this is 
highly controversial. Seismic studies have observed an ‘ultra-low velocity zone’ 
(ULVZ) at the base of the lower mantle, which could be explained by partial melt 
(Williams and Garnero 1996), and the mantle geotherm may well cross the solidus 
at these depths (Fiquet et al. 2010). However, other studies have suggested that 
partial melting is not needed to explain the observations, and instead these zones 
might be comprised of iron-rich (Mg,Fe)O crystals (Wicks et al. 2010; Bower et al. 
2011). Still other studies propose that these zones might contain metallic liquid 
(Zhang et al. 2016) or subducted banded iron formations (Dobson and Brodholt 
2005). Overall it is impossible to say with any certainty what these zones represent 
(Yu and Garnero 2018), and whether a remnant of the magma ocean exists is 
unknown. 
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However, a layer of partial melt above the transition zone in the mantle is far more 
well established. The basis for this is a low seismic velocity layer at about 350 km 
depth (Revenaugh and Sipkin 1994; Tauzin et al. 2010). It is widely accepted that 
this ‘low velocity layer’ is due to the presence of around 1 vol% partial melt (Tauzin 
et al. 2010; Hier-Majumder and Courtier 2011; Hier-Majumder et al. 2014; Freitas 
et al. 2017). The presence of melt can be explained by the fact that transition zone 
minerals can store far more water than upper mantle minerals. Any water released 
by transition zone minerals will lower the solidus of the upper mantle peridotite 
and cause partial melting (Hirschmann 2006; Freitas et al. 2017).  
Magmatism is also responsible for the generation of the Earth’s crust, with 
continental crust produced by hydrous melting at subduction zones and oceanic 
crust produced by decompression melting of the mantle at mid-ocean ridges. In 
turn, oceanic crust subducts and is eventually recycled back into the mantle 
(Carlson et al. 2014). The process of plate tectonics is the only way by which the 
atmosphere, hydrosphere and biosphere interact with the deep Earth, and this is 
fundamentally influenced by magmatism (Ryan and Chauvel 2014). 
1.2 Geochemical constraints on magmatic processes 
Geochemistry can be used to test and refine our understanding of the magmatic 
processes that have shaped the Earth. In particular, trace element partitioning is a 
valuable tool. Trace elements are typically defined as elements present in a system 
at concentrations of less than 0.1 wt%. Their low abundance means that their 
distribution usually does not affect the outcome of a process. This, combined with 
the wide range of behaviours exhibited by different elements, means that the 
distribution of trace elements within a system can provide valuable information 
(Blundy and Wood 2003). The distribution of trace elements between phases are 
quantified by their ‘partition coefficients’, and the partition coefficient of any given 
trace element could vary with pressure, temperature, oxygen fugacity and the 
chemical composition of both phases (Righter et al. 2014; Wood and Blundy 2014). 
For many years, metal–silicate partition coefficients of siderophile (‘iron-loving’) 
trace elements have been used as evidence for core formation in a deep magma 
ocean. This began with the observation that Ni and Co are in a chondritic ratio in 
the upper mantle, despite having very different metal–silicate partition coefficients 
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at ambient pressure (e.g. Jones and Drake 1986). When Li and Agee (1996) 
observed that Ni and Co partition coefficients changed with pressure at different 
rates, they extrapolated their results to obtain a pressure of around 30 GPa for 
metal–silicate equilibration in a magma ocean. They postulated that this pressure 
corresponded to the deepest part of the magma ocean, where metallic droplets 
would pool and equilibrate with the silicate melt, before sinking through the solid 
mantle below as metal diapirs. Because this inference required extrapolating from 
lower to higher pressures, many subsequent studies have attempted to measure 
partition coefficients at ever-higher pressures. Recent studies involving many 
siderophile elements model the equilibration pressure as being 40–50 GPa (Bouhifd 
and Jephcoat 2003; Wood et al. 2006; Kegler et al. 2008; Cottrell et al. 2009; 
Bouhifd and Jephcoat 2011; Siebert et al. 2011; Mann et al. 2012; Siebert et al. 
2012; Blanchard et al. 2015; Fischer et al. 2015; Laurenz et al. 2016). 
Do these studies provide proof that core formation occurred in the presence of a 
very deep magma ocean? There are two key issues that complicate the 
interpretation of these results. Firstly, despite predicted pressures of around 40–50 
GPa for the base of the magma ocean, few studies have reported partitioning 
experiments at pressures exceeding 25 GPa; the few higher-pressure experiments 
reported are limited to Ni, Co, V and Cr partitioning (Bouhifd and Jephcoat 2003; 
Bouhifd and Jephcoat 2011; Siebert et al. 2012; Fischer et al. 2015). Therefore, 
many models of core formation in the Earth are based on extrapolating data 
measured at <25 GPa to twice that pressure. Secondly, it has been widely discussed 
in recent years that metallic cores began forming in planetesimals in the first 1–2 
million years of the solar system, before these planetesimals accreted to form 
planets (see Halliday 2013). Therefore, siderophile trace element distributions in the 
Earth record a complex history of metal–silicate exchange in both the early 
planetesimals and the growing proto-Earth. The distributions will depend on (a) the 
extents of metal–silicate equilibration in the planetesimal (Tomkins et al. 2013) and 
(b) how efficiently the cores of these planetesimals equilibrated with the silicate part 
of the proto-Earth (Rubie et al. 2015). The latter in turn depends on the depth and 
longevity of the terrestrial magma ocean (de Vries et al. 2016). Unravelling the 
process of core formation, and the nature of the magma ocean will require more 
sophisticated models that can account for all of these factors, as well as a better 
understanding of trace element partitioning at very high pressures. 
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If a deep and long-lived magma ocean did exist on the early Earth, it might have 
left behind other geochemical tracers in addition to the signature of core formation 
recorded by siderophile elements. Many studies have tried to find evidence of 
mantle hetereogeneities resulting from the fractional crystallisation of a magma 
ocean. There is abundant petrological evidence for a magma ocean on the Moon, 
for example (Smith et al. 1970; Wood et al. 1970; Taylor and Norman 1992; 
Wieczorek et al. 2006; Warren and Taylor 2014), but similar evidence for the Earth 
is surprisingly scarce. Only a few studies have claimed to have found evidence in 
the form of isotopic anomalies of Xe, Nd, He and Ne (Labrosse et al. 2007; e.g. 
Coltice et al. 2011; Mukhopadhyay 2012; Guitreau et al. 2013; Pető et al. 2013; 
Peters et al. 2018). 
There are several reasons why finding geochemical evidence for silicate 
differentiation in an early magma ocean is so difficult. Firstly, the dynamics and 
behaviour of a deep magma ocean are not easy to predict. For example, would it 
crystallise starting from the bottom (Carlson 1994; Walter and Trønnes 2004; 
Carlson et al. 2014), or from the middle (Stixrude et al. 2009)? And when it starts to 
crystallise, do the crystals remain entrained in the rapidly convecting magma, or do 
they segregate from the melt enabling fractional crystallisation? How and where 
fractional crystallisation would begin will depend on a complex interplay involving 
the density contrast between minerals and melts (which depends on the 
compressibility of both phases), the rate of crystal nucleation and growth, the 
viscosity of the melt, and the cooling rate of the magma ocean (which will depend 
on whether there is a primitive crust or atmosphere) (Abe 1997; Walter and 
Trønnes 2004; Elkins-Tanton 2012; Carlson et al. 2014). Predicting the chemical 
signatures that would result from the crystallisation of a magma ocean is therefore 
difficult when we don’t have a good consensus on how this occurred. Furthermore, 
determining phase relations, element partitioning and isotope fractionation at 
appropriate pressures and temperatures is experimentally challenging. Finally, 
mantle convection may well have erased most heterogeneities within 100 m.y. 
(Coltice and Schmalzl 2006), although it is possible that crystal piles at the base of 
the magma ocean may have survived to the present day (Carlson et al. 2014). 
Overall, there are many unknowns when it comes to understanding the earliest 
evolution of the Earth. The segregation of the Earth’s metallic core and the 
subsequent crystallisation of its magma ocean are arguably some of the most 
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dramatic events that the Earth has ever experienced. If we are to model these 
processes, we must better understand the properties of silicate liquids, and the 
partitioning of trace elements, at very high pressures. 
1.3 The effect of pressure on trace element partitioning 
As described in the previous section, understanding the pressure–dependence of 
trace element partitioning is of fundamental importance for modelling large-scale 
magmatic processes that have influenced the Earth’s evolution. Many studies of 
metal–silicate partitioning at high pressures have shown that trace element partition 
coefficients do depend on pressure, and in different ways for different elements (e.g. 
Siebert et al. 2011). In contrast, the pressure-dependence of trace element 
partitioning between silicate minerals and silicate melts has been less well studied. 
Partly this is because the high temperatures required make these experiments more 
technically challenging, and it can be difficult detangle the relative effects of melt 
composition, pressure and temperature. A few studies that have investigated 
olivine–melt partitioning at very high pressures include Taura et al. (1998), Imai et 
al. (2012), and Suzuki et al. (2012) – these authors performed experiments up to 14, 
10 and 20 GPa respectively. From a thermodynamic point of view, the exchange 
equilibrium between a trace element component in two coexisting phases should 
depend on pressure, because smaller volumes will be favoured at higher pressures 
(e.g. Capobianco and Watson 1982). However, there is no successful model that 
can predict the variation of trace element partition coefficients as a function of 
pressure. 
The best predictive model developed for trace element partitioning so far is known 
as the ‘lattice strain model’, which was developed by Blundy and Wood (1994) and 
was built on earlier work by Onuma et al. (1968) and Brice (1975). This model is 
based on the concept of trace cations substituting onto particular crystal lattice sites 
in a mineral, with the compatibility depending on the relative ‘match’ between the 
trace cation and the lattice site in terms of size and charge (a concept first described 
by Goldschmidt 1937). Although this approach has been very successful for 
describing the variation in trace element partitioning at low pressures, it does not 
account well for changes with increasing pressure. For example, the data of Imai et 
al. (2012), when fit to a lattice strain model, imply that the lattice sites in olivine 
become more elastic with increasing pressure. This is not expected, nor reasonable, 
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and Imai et al. (2012) argue that this apparent ‘softening’ of the lattice sites is more 
likely to be related to a structural change in the melt. Indeed, beyond the initial 
attempts of Imai et al. (2012), the melt is largely ignored in the lattice strain models, 
and the partition coefficients are assumed to be completely controlled by the 
crystallographic sites. However, as will be described next, we have a wealth of 
evidence to suggest that there are dramatic changes in the structure of silicate melts 
with pressure, which could affect trace element partitioning in unknown ways. 
1.4 Silicate melt structure 
Our understanding of the structure of silicate glasses and melts has come a long 
way since Zachariasen (1932) proposed the continuous random network model for 
pure SiO2 glass. In this model, SiO2 in the glassy state is composed of the same 
basic structural units as are found in quartz – that is, tetrahedral units comprising 
one Si bonded to four oxygens. Each tetrahedral unit is connected to another by 
sharing an oxygen at the corner, and in glasses, the Si–O–Si bond angles are 
variable, leading to rings and cages containing different numbers of tetrahedral 
units. Eight decades after this model was proposed, this structure was directly 
imaged by Huang et al. (2012) using scanning transmission electron microscopy. 
Pure SiO2 liquid is a simple system, and is not particularly relevant to natural 
magmatic liquids. For one thing, pure SiO2 liquid is highly viscous, because any 
flow requires breaking some of the strong covalent Si–O–Si bonds (Bottinga and 
Weill 1972). Natural liquids contain additional elements such as Al, Ca, Mg, Fe, 
Na, K and Ti, as well as CO2 and water. Cations such as Ca2+ and Mg2+ form 
weaker, ionic bonds with oxygen, and are said to ‘break up’ the tetrahedral 
network, thereby known as ‘network modifiers’. The main ‘network formers’ are 
Si4+ and Al3+.  Al3+ needs another cation for charge balancing in order for it to bond 
with four oxygens, so in some glasses, like pure SiO2–Al2O3 systems, Al3+ acts as a 
network modifier (Bottinga and Weill 1972; Mysen et al. 1982). However, in 
natural compositions, there are sufficient network-modifying cations available for 
charge-balancing, as well as to act as network modifiers. Liquid compositions 
containing more network modifiers are therefore less viscous, because the network 
modifiers enable the liquid to flow with less breakage of the strong covalent bonds 
between tetrahedral units.  
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A commonly-used parameter to describe melt structure is NBO/T, the ratio of non-
bridging oxygens (NBO) to tetrahedrally coordinated cations (T) (Mysen et al. 
1982). Bridging oxygens (BO), also known as bonding oxygens, are oxgyens that 
bridge between two tetrahedral units. NBO are oxygens which bond with only one 
tetrahedral unit, and provide weak bonds with network modifying cations. 
Therefore, a higher ratio of NBO/T means a composition with more network 
modifiers; pure SiO2 has a theoretical NBO/T of 0, whereas basaltic melts have 
NBO/T of 0.6–0.9 (Mysen et al. 1982). The concept of NBO/T has been a useful 
tool to describe melt structure at ambient pressure, where the main control on 
structure is composition. However, pressure is now known to cause structural 
changes that are not well-encompassed by the concept of NBO/T. In particular, the 
coordination numbers of cations increase with pressure. 
Waff (1975) was the first to propose that pressure-induced coordination changes of 
cations might occur in melts. This was proposed on the basis of comparison with 
crystal phase transitions with pressure: for example, when sodium and calcium 
feldspars transform into pyroxene and garnet structures, Al changes its 
coordination from four-fold to six-fold. Waff (1975) suggested that similar 
transitions were likely to occur in melts, and would have important consequences 
for melt density and viscosity. This prediction inspired a number of studies to 
search for experimental evidence for such coordination changes. However, the 
initial studies found no evidence (Fleet et al. 1984; Hochella and Brown 1985), 
most likely because (a) the pressures studied were not high enough, and (b) the 
compositions studied were NBO-poor, and we now know that coordination 
changes occur more readily in more NBO-rich compositions (Stebbins 2016). 
However, the late 1980’s and early 1990’s, unambiguous evidence for the pressure-
induced coordination change of Al and Si was found using nuclear magnetic 
resonance (NMR) spectroscopy (Stebbins and McMillan 1989; Xue et al. 1989; 
Yarger et al. 1995). 
Since these initial studies, a lot of research has been done to investigate structural 
changes of silicate melts with pressure, using a variety of techniques (Stebbins 
2016). The emerging picture is that liquids accommodate initial compression by 
mechanisms such as shrinking of the inter-tetrahedral bond angles, and the 
reduction of bond lengths (Wang et al. 2014). When pressure increases further, the 
coordination of cations begins to change, and this proceeds gradually over a very 
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wide pressure range (Guillot and Sator 2007; Sanloup et al. 2013; Wang et al. 
2014). Most studies on these structural changes have aimed to understand 
‘structure-property relationships’ – in particular, how structural changes control 
physical properties like viscosity and density (Wolf and McMillan 1995). For 
example, polymerised compositions display a reduction in viscosity with initial 
compression, followed by an increase in viscosity at higher pressures (Wolf and 
McMillan 1995; Kono 2018), and this phenomenon has been explained in terms of 
the structural changes (Wang et al. 2014). Understanding these phenomena is 
indeed very important for physical models of magmatic processes at high pressure 
(Stixrude et al. 2009). However, so far, there has been little attention to how these 
structural changes may affect trace element partitioning. 
The potential importance of coordination changes in controlling partitioning was 
first pointed out by Keppler and Rubie (1993). These authors showed that Co and 
possibly Ni increased their coordination numbers with pressure in albite glasses, 
using crystal field spectroscopy. However, the albite composition is quite different 
to the mafic or ultramafic melts that would be relevant at depth in the Earth. 
Compositions better resembling natural melts were studied by Jones (2012) using 
X-ray absorption spectroscopy (XAS). Jones showed that Ni2+ changed its 
coordination from predominantly four-fold to predominantly six-fold over the 
pressure range of 1–4 GPa. This coincides with a change in the pressure-
dependence of its partition coefficient, suggesting that the partitioning may indeed 
be affected by the coordination changes. Over the same pressure range, no changes 
in coordination environments were observed for Co2+, W6+, Fe2+ and Fe3+, but the 
maximum pressure investigated was only 4 GPa (Jones 2012). More recently, de 
Grouchy et al. (2017) showed that Lu coordination changed abruptly from 6-fold to 
8-fold at ~ 5 GPa in a model basaltic melt, using in-situ X-ray diffraction 
techniques. The mineral–melt partition coefficients of Lu for olivine, clinopyroxene 
and garnet also show a change in pressure-dependence at similar pressures to its 
coordination change (de Grouchy et al. 2017). Finally, Sanloup et al. (2018) found 
that the coordination of Nb changed at pressures between 5 and 9 GPa. Many more 
trace elements may undergo coordination changes, but only these few have been 
studied. Furthermore, it has been speculated that coordination changes of major 
elements (Si and Al) may affect trace element partitioning (Imai et al. 2012; Mann 
et al. 2012), but this has never been studied directly.  
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1.5 The approach taken in this thesis 
Thus far I have described how (a) silicate melts are important in Earth evolution, 
(b) trace element partition coefficients are useful in modelling these processes, and 
(c) trace element partition coefficients may depend on structural changes in silicate 
melt with pressure. Therefore, the overall objective of this thesis is to explore 
pressure-induced changes in the structure of silicate melt that may affect trace 
element partitioning behaviour. I will now briefly review the experimental 
techniques that can be used to study coordination changes, and justify the approach 
taken in this thesis. 
Element-specific techniques 
By far the most unambiguous method of determining coordination environments, 
at least for Si and Al, is NMR spectroscopy (Stebbins and Xue 2014). NMR is ideal 
because it is element-specific, and the 4-, 5- and 6-fold coordinated peaks are easily 
resolved in the spectra for Si and Al (Kanzaki et al. 1992; Yarger et al. 1995). 17O 
NMR spectroscopy has also been used to infer different O environments as a 
function of pressure (e.g. Lee et al. 2004; Allwardt et al. 2005b). However, for some 
elements, using NMR to determine their environment is challenging because of low 
natural abundances of the NMR-active nucleus, and/or large quadrupolar 
broadening of the spectra, e.g. for 25Mg and 43Ca (Shimoda et al. 2008; Gambuzzi et 
al. 2015). A major limitation of NMR spectroscopy is that it is difficult to study 
trace elements, because long (and hence expensive) acquisition times are needed to 
obtain spectra with acceptable signal-to-noise ratios. Recording NMR spectra on 
samples at high temperatures and even high pressures can be done, but most studies 
investigate glasses at room temperature and pressure. This is because, at high 
temperature, the exchange between different species is more rapid than the 
timescale of the NMR experiment, and so a single peak is observed even when 
multiple environments are present (Farnan and Stebbins 1990; Stebbins and Farnan 
1992; Kanehashi and Stebbins 2007; Le Losq et al. 2014). Recently, one laboratory 
developed a NMR probe that could sustain pressures up to 2.5 GPa (Edwards et al. 
2014; Gaudio et al. 2015a), but this was very challenging because the components 
of the device had to be non-magnetic, and the sample volume needed to be large 
enough to retain sensitivity. 
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X-ray absorption spectroscopy (XAS) is another element-specific technique that has 
been widely used for determining cation coordination environments in glasses and 
melts (Henderson et al. 2014; Mastelaro and Zanotto 2018). XAS studies of 
elements heavier than phosphorous are routine (Penner-Hahn 1999), and even 
lighter elements such as Al, Si, Mg, Ca and even O can be studied (Li et al. 1995; 
Poe et al. 2001; Neuville et al. 2004; Henderson et al. 2014; e.g. Moulton et al. 
2016). Unlike NMR spectra, X-ray absorption spectra reflect an average of all 
environments in a sample, and so the spectra are more difficult to interpret, and 
model compounds with known coordination environments are needed. However, 
the real strength of XAS, especially in comparison to NMR, lies in trace element 
work, because good spectra can be obtained of trace elements at concentrations as 
low as hundreds of ppm (Sutton et al. 2005; Newville 2014). XAS studies can also 
be done in-situ at high temperature in furnaces (e.g. Wilke et al. 2001; Berry et al. 
2003b) and at high pressure in diamond anvil cells (Cormier et al. 2007; Sanloup et 
al. 2018) or large-volume presses (Pohlenz et al. 2018). 
X-ray Raman scattering (XRS), also known as inelastic X-ray scattering, is a novel 
technique in which ‘hard’ X-rays can be used to obtain spectra from light elements. 
For light elements, this is a significant advantage, because the ‘soft’ x-rays that 
would be used for traditional XAS are easily attenuated in air. XRS has has been 
used to investigate changes in the local environment around O and Si with pressure 
(Lee et al. 2014), and may be a promising tool for future ultra-high pressure 
research (Petitgirard 2017). 
Other techniques 
Raman spectroscopy has been used by many authors to investigate changes in the 
structure of compressed melts and glasses (Xue et al. 1991; e.g. Poe et al. 2001). 
However, as a vibrational spectroscopy, Raman spectra arise from many different 
vibrational modes of all species present in a sample, and so peak assignment can be 
difficult in a multicomponent glass. Some studies investigate simple systems 
containing few elements in order to get around this issue (e.g. Daniel et al. 1996). 
However, few studies have found any unambiguous evidence in Raman spectra 
alone for coordination changes (exceptions including Durben and Wolf 1991; and 
Muniz et al. 2016). A major advantage of Raman spectroscopy is that in-situ high-
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pressure experiments are routine (Durben and Wolf 1991; e.g. Deschamps et al. 
2009; Kojitani et al. 2013) and do not require access to a synchrotron light source. 
X-ray and neutron diffraction also provide valuable information about the structure 
of high-pressure glasses and melts (Salmon and Zeidler 2015). X-ray diffraction 
(XRD) has been used on glasses at room pressure (e.g. Tan and Arndt 1999), at 
high pressure but room temperature (e.g. Meade et al. 1992), and at high pressure 
and temperature (e.g. Funamori et al. 2004; Sanloup et al. 2013; de Grouchy et al. 
2017). Diffraction suffers from similar limitations as Raman spectroscopy, in that it 
is not element-specific, and so interpreting the contributions to the integrated 
diffraction patterns in multicomponent systems can be challenging. For example, in 
order to estimate coordination numbers of Si using XRD on a basaltic melt, 
Sanloup et al. (2013) had to make large assumptions about the coordination 
number of Al. Recently, de Grouchy et al. (2017) used a novel approach to apply 
the method to a ‘trace’ element (Lu, present at 4 wt% in the melt). These authors 
collected data from Lu-bearing and Lu-free compositions in order to isolate the 
contribution of Lu. They found evidence for a coordination change of Lu using this 
strategy, however their fits were also based on assumed Al coordination 
environments from literature data. Nevertheless, this may be a promising approach 
for future work. 
Finally, it should be noted that many studies have used molecular dynamic 
simulations to investigate coordination changes of major elements in silicate melts 
with pressure (Karki 2010). Studies have investigated both simple systems such as 
GeO2 (e.g. Shanavas et al. 2006), multicomponent CMAS systems (e.g. Matsui 
1996) and ‘natural’ systems (Guillot and Sator 2007). There is also promising work 
looking at trace element partitioning from this viewpoint (Wagner et al. 2017). 
Molecular dynamical studies can provide valuable information, often before the 
technical capabilities are available to verify the results experimentally. However, a 
detailed review of the findings of these studies is beyond the scope of this chapter. 
Justification of the approach taken in this thesis 
In this thesis, I chose to use NMR spectroscopy and XAS on glasses quenched from 
high pressure and temperature. XAS was chosen because it is the best technique for 
investigating the local environment of trace elements, and NMR spectroscopy was 
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chosen because it provides the least ambiguous data for major elements. For both 
techniques, studying glasses ex situ, rather than melts in situ, was easier – this 
enabled large datasets to be collected, so that the results could be shown to be 
reproducible, and the NMR spectra could be interpreted with less ambiguity. 
However, there are structural differences between a glass and its corresponding 
melt at high pressure and temperature. When a melt is quenched, the structure 
continues to rearrange until it becomes so viscous that it ‘falls out of equilibrium’ 
with the rapidly dropping temperature. At this point, the melt structure is ‘frozen 
in’, and the temperature at which this occurs is known as the ‘fictive temperature’, 
Tf (Stebbins 2016). The structure of a glass therefore does not represent the 
temperature at which it was melted; it represents Tf. For a perfectly isobarically 
quenched melt, the pressure recorded by the melt structure (the ‘fictive pressure’, Pf) 
should equal the pressure at which the sample was melted and quenched, but 
whether isobaric quenching is really possible in practice is questionable. These 
factors will be discussed in more detail in Chapter 2. 
Trace element partitioning experiments were undertaken to complement the XAS 
and NMR data. The advantage of partitioning experiments is that the problems 
associated with quenching glasses are not an issue, because the distribution of trace 
elements is set during the experiment and chemical diffusion cannot occur on the 
fast timescale of the quench. I chose olivine–melt as the system to study for the 
partitioning experiments, rather than a metal-silicate system. This was because the 
composition of olivine should not vary much between experiments, so the effect of 
a change in the melt should be easier to interpret. 
Two trace elements were chosen for study in this thesis: Ge and Ga. These 
elements were chosen for two reasons. Firstly, Ge and Ga are moderately 
siderophile elements that have been used in many models of core formation in the 
Earth (Schmitt et al. 1989; Walker et al. 1993; Hillgren et al. 1996; Jana and 
Walker 1997a; Jana and Walker 1997b; Capobianco et al. 1999; Holzheid et al. 
2007; Righter et al. 2011; Siebert et al. 2011; Blanchard et al. 2015; Righter et al. 
2017). The high-pressure partitioning behaviour of these elements is therefore of 
interest in these models. Secondly, Ge and Ga are expected to undergo 
coordination changes at experimentally accessible pressures. This is expected 
because Ge and Ga are geochemically similar to Si and Al, but have larger ionic 
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radii. This means that germanate minerals undergo pressure-induced phase changes 
at lower pressures than silicate minerals (Ringwood 1970). In addition, the 
coordination number of Ge in GeO2 glass increases at lower pressures than that of 
Si in SiO2 glass (Itié et al. 1989; Ohtaka et al. 2001; Ohtaka et al. 2002; Majérus et 
al. 2004; Ohtaka et al. 2004; Vaccari et al. 2009; Baldini et al. 2010; Hong et al. 
2014). It is reasonable to expect the same phenomenon to occur when Ge and Ga 
are dissolved in multicomponent melts as trace elements, but this has never been 
tested. 
Finally, while the coordination of Ge4+ was investigated in this work, some studies 
have suggested that Ge2+ may be stable in silicate melts at low oxygen fugacity 
(fO2). If so, this might have important consequences for both the study of Ge4+ 
coordination undertaken here, and for Ge geochemistry in general. It has long been 
known that a given element in a different redox state can have a vastly different 
behaviour. The most well-known example of this is iron, which is the most 
abundant multivalent element in the upper mantle (Osborn 1959). Fe2+ and Fe3+ 
behave so differently that they are often treated as different elements (Berry et al. 
2003a). Reactions involving Fe2+ and Fe3+ control the oxygen fugacity of the mantle 
(Frost 1991; Frost and McCammon 2008). The oxygen fugacity, in turn, controls 
the valence state of multivalent trace elements, such as V, Cr, Mn, Ti, and Eu. 
Understanding how the different oxidation states of these trace elements partition 
between minerals and melts can then provide a wealth of information, both in 
terms of recording the oxygen fugacities at which rocks formed (Mallmann and 
O’Neill 2009; Trail et al. 2012; e.g. Mallmann and O’Neill 2013) and identifying 
particular magmatic processes (e.g. Eu is often used to identify the crystallisation of 
plagioclase from a melt; Weill and Drake 1973). The existing data indicate that 
Ge2+ may be stable at low fO2, but precisely at what fO2 is unclear, and there have 
been no studies of the silicate mineral–melt partitioning of this species. I chose to 
use XAS to investigate the speciation of Ge, because this technique has previously 
been used successfully to investigate redox states of Cr and Fe in glasses (Berry et 
al. 2003a; Berry and O’Neill 2004). I also conducted olivine–melt partitioning 
experiments to investigate how the behaviour of this species may differ from Ge4+. 
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1.6 Research questions and thesis structure 
The first research question addressed in this thesis is: do Ge4+ and Ga3+ undergo 
pressure-induced coordination changes when dissolved as trace cations in silicate 
melts? To answer this question, a series of Ge- and Ga-doped glasses were made at 
a range of pressures. The glasses were made using two approaches: either 
quenching melts from high temperature, or annealing the glass near the ‘glass 
transition temperature’ (Tg, the temperature at which a glass relaxes into a liquid). 
Ge- and Ga- K edge X-ray absorption near edge structure (XANES) spectra of these 
glasses were recorded. The XANES spectra show that both Ge and Ga increase 
their average coordination number with pressure, from around 1–2 GPa up to at 
least 10 GPa, and probably higher.  
A surprising result was observed in the XANES spectra: in a particular set of 
samples, both Ge and Ga average coordination increased rapidly between 4 and 5 
GPa. These two elements are not expected to behave in a similar way to one 
another, because Si and Al, increase their coordination numbers over very different 
ranges in pressure. For example, in natural compositions, Al begins to change its 
coordination upon initial compression, but Si does not show substantial changes 
until ~ 8 GPa (Guillot and Sator 2007). However, it is conceivable that the trace 
elements might both be affected by ‘something’ that is happening to the major 
elements between 4 and 5 GPa. That ‘something’ could be a coordination change 
of one or more of the major elements, or another kind of change in the local 
environment, such as changes in the number or type of neighbouring cations.  
This hypothesis forms the second research question addressed in this thesis: do 
changes in the local environment of major elements affect the coordination of trace 
elements? To investigate this, a nuclear magnetic resonance (NMR) spectroscopic 
study was conducted of the same or similar samples for which Ge and Ga were 
investigated using XANES. NMR spectra of all major elements present in the 
glasses (27Al, 29Si, 25Mg, 43Ca and 17O) were recorded. 71Ga NMR spectra were also 
recorded for comparison to the XANES results. The 27Al NMR spectra show a 
rapid increase in average Al coordination number between 4 and 5 GPa, as was 
observed for Ge and Ga. In particular, there is a striking correlation between Ga 
and Al average coordination. These results suggest that coordination changes of Al 
may be influencing Ga coordination, and probably also Ge coordination. 
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How do such coordination changes affect trace element partitioning? This is the 
third research question addressed in this thesis. To address this, Ge4+ partitioning 
between olivine and melt was studied. The olivine–melt system was chosen rather 
than metal–silicate, because the composition of olivine is relatively constant 
regardless of the pressure, temperature and melt composition. Thus, changes in the 
partitioning can be attributed more easily to changes occurring in the structure of 
the silicate melt. Ge4+ is shown to become slightly more incompatible (having a 
preference for the melt) with pressure, whereas the opposite would be predicted in 
the absence of any coordination changes. However, quantitatively predicting how 
the coordination changes of Al3+ and Ge4+ in the silicate melt affect partitioning 
was unsuccessful. This highlights the need for a new form of an equation of state 
that incorporates coordination changes. 
Finally, the fourth research question addressed in this thesis is: at what fO2 does 
Ge2+ become stable? To answer this, Ge valence state was determined using XAS in 
a series of glasses quenched from melts at a range of fO2. The spectra show that that 
Ge4+ transitions to Ge2+ between ∆IW +2 and ∆IW -2, where IW is the fO2 at the 
iron–wüstite buffer. Therefore, Ge2+ was most likely to be the stable species at the 
time of core formation in the Earth. Preliminary experiments on the partitioning of 
Ge2+ between olivine and melt indicate that this species is highly incompatible, in 
contrast to Ge4+ which has a partition coefficient of close to one. Whether Ge2+ 
undergoes pressure-induced coordination changes is unknown.  
The overall objective of this thesis is to investigate pressure-induced changes in the 
structure of silicate melt, and how these affect trace element partitioning behaviour. 
The results show that Ge4+ and Ga3+ increase their coordination numbers with 
pressure; in the context of previous work on Ni2+, Co2+ and Lu3+, this thesis 
strengthens the argument that many trace elements may undergo such changes. 
Furthermore, a possible influence of major element coordination changes on those 
of trace elements is suggested. More work is needed to unravel the influence of 
major and trace element coordination changes on the pressure dependence of trace 
element partitioning. 
 33 
Structure of  this thesis 
This thesis is organised into four main chapters, each addressing one of the research 
questions described above. The coordination environments of Ge4+ and Ga3+ in 
silicate melts are investigated in Chapter 2; a possible relationship between major 
and trace element coordination is assessed in Chapter 3; the effect of these 
coordination changes on Ge4+ olivine–melt partitioning is investigated in Chapter 
4; and the fO2 at which Ge2+ becomes stable is determined in Chapter 5. Each 
chapter is written in the form of a research paper.  Methodology, results and 
discussion pertaining to each study are described within the chapters. A final 
summary of key findings, implications and directions for future work is provided in 
Chapter 6. 
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Chapter 2: Coordination change of Ge4+ and 
Ga3+ in silicate melt with pressure 
 
 
Abstract–The increase in the coordination numbers of Si and Al in silicate melts 
has been well studied, but few trace elements have been investigated to see if they 
do the same. In this work, the coordination of Ge and Ga in silicate glasses was 
studied using X-ray absorption spectroscopy. The glasses were prepared either by 
quenching melt or annealing glass at a range of pressures. Both Ge and Ga increase 
their coordination number with pressure from about 2 up to at least 10 GPa. The 
rate of the coordination change of Ge with pressure is higher in more 
depolymerized melts. This result is consistent with previous work on Al, therefore 
implying that these changes are highly relevant to natural melts. Furthermore, Ge 
and Ga show remarkably similar behaviour suggesting the possibility of a control 
on their coordination from the major elements. 
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2.1 Introduction 
As discussed in Chapter 1, pressure-induced changes in the coordination number of 
Ge and Ga are expected in silicate melts for two reasons. Firstly, Ge and Ga are 
geochemically similar to Si and Al respectively, both of which increase their 
coordination number with increasing pressure (Wolf and McMillan 1995). 
Secondly, coordination changes have been observed in germanate and gallate 
glasses (Micoulaut et al. 2006; Cormier et al. 2007), as well as in chalcogenide 
glasses (e.g. Durandurdu and Drabold 2002; Yildirim et al. 2016). However, 
natural melts will contain Ge and Ga in trace quantities only. In this chapter I test 
the hypothesis that Ge and Ga will undergo pressure-induced coordination changes 
when dissolved as trace elements in multi-component melts. 
X-ray absorption spectroscopy (XAS) is an ideal technique with which to test this 
hypothesis. XAS is element-specific, and the spectra are sensitive to the local 
environment of the element of interest. Spectra are plotted as the absorption of X-
rays by the sample (or fluorescence of X-rays from the sample) as a function of X-
ray energy. Absorption or fluorescence is at a maximum when the energy matches 
the binding energy of core electrons in the element of interest. Above this energy, 
the average local environment of the target element in the sample modulates the 
probability of absorption. Thus, changes in the shape of the spectra reflect changes 
in the local environment, including the coordination number. Quantitative 
information on coordination numbers and bond lengths can be obtained from the 
part of the spectrum well above the absorption edge, known as the extended X-ray 
absorption fine structure (EXAFS). On the other hand, the part of the spectrum 
close to the absorption edge, known as X-ray absorption near edge structure 
(XANES), is more sensitive to changes in local environment. XAS has been used in 
many previous studies to determine coordination changes of Ge in germanate 
glasses (Itié et al. 1989; Ohtaka et al. 2001; Ohtaka et al. 2002; Majérus et al. 2004; 
Ohtaka et al. 2004; Cormier et al. 2007; Vaccari et al. 2009; Baldini et al. 2010; 
Hong et al. 2014), and Ga in sodium gallosilicate and sodium gallogermante glasses 
(Cormier et al. 2007). 
The samples synthesized for this study were glasses prepared in two different ways. 
The first set of glasses was prepared by quenching melt at a range of pressures. 
These samples are referred to as ‘quenched melts’ throughout this thesis. Glasses in 
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the second set were prepared by taking a quenched melt prepared at 1 atm, and 
then annealing that glass at temperatures near the glass transition temperature (Tg), 
and a range of pressures. These samples are referred to as ‘annealed glasses’ 
throughout this thesis. 
For quenched melts, it is well recognized that the structure of the glass is not the 
same as the structure of the actual melt at high temperature and pressure (Stebbins 
2016). One difference is that the melt structure does not reflect the temperature of 
synthesis; it reflects the ‘fictive temperature’ (Tf). Tf is the temperature at which the 
viscosity of the melt is too high to allow for structural rearrangement on the 
timescale of cooling, i.e. the temperature at which the melt structure is ‘frozen in’. 
The other possible difference is that the melt structure may not reflect the pressure 
of synthesis, instead reflecting a lower ‘fictive pressure’ (Pf). This could result from 
localised pressure drops within the melt during the quench, because when the 
temperature drops, either the sample or the surrounding assembly may shrink, 
leading to pressure drops which cannot be instantaneously compensated for by the 
apparatus applying more pressure (Bista et al. 2015; Gaudio et al. 2015b).  
Annealed glasses were synthesised in an effort to reduce the effect of a pressure 
drops during quenching. The rationale behind this is that because the experimental 
run temperature is lower, the temperature drop needed to ‘freeze in’ the structure 
(i.e. cross the glass transition) is smaller, and the time taken to reach the glass 
transition will also be shorter. These factors should reduce the likelihood that 
localised pressure drops in the sample will affect the Pf recorded. Indeed, previous 
work has shown that annealed glasses record higher densities and Al coordination 
numbers than quenched melts made at the same pressure (Bista et al. 2015; Gaudio 
et al. 2015b). Gaudio et al. (2015b) suggested that the differences in density and Al 
coordination between quenched melts and annealed glasses of albite composition 
could be explained entirely by a higher Pf in the annealed glasses. 
For an annealed glass to preserve a Pf similar to the run pressure, the sample needs 
to be held at a high enough temperature for a long enough time that it exhibits 
liquid-like behaviour. If this condition is met, the structure can relax under the 
pressure and temperature conditions of the experiment. However, the temperature 
must not be too high (or the timescale too long) otherwise (a) the metastable liquid 
may crystallise, and/or (b) localised pressure drops on the quench may reduce the 
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Pf, as for the quenched melt experiments. To estimate an appropriate 
temperature/timescale, Tg analysis was used. 
Tg can be measured for a glass sample using a range of methods, including 
differential scanning calorimetry (Moynihan 1995). In this method, heat capacity 
(Cp) is measured while the glass is heated at a constant rate, typically 10 ºC/min, 
and the glass transition temperature is found as a maximum or a slope break in the 
Cp–T curve. Tg depends on the heating rate (Moynihan et al. 1974), and so in this 
thesis, when Tg is quoted as a number, this means Tg measured at a heating rate of 
10 º/min. 
Once the Tg of the composition used in this study was known, the annealed glass 
experiments were performed at temperatures close to Tg. The samples were held at 
these temperatures for (typically) two hours; a longer timescale than the timescale 
of heating for Tg analysis, to ensure structural relaxation. However, some 
experiments were performed at lower temperatures, and because we have no 
precise constraints on how the glass transition varies with the timescale, it is 
unknown whether these samples were still behaving as liquids. If they were not 
behaving as liquids, a much lower Pf would be expected, because the glass should 
not have the capability to relax fully at the pressure of the experiment. Indeed, this 
may well have occurred for some of the samples, as will be shown. 
In this chapter XANES spectra are presented that show the coordinations of Ge 
and Ga are unaffected by composition at low pressure, but increase with pressure in 
both quenched melts and annealed glasses. The difference in results between 
quenched melts and annealed glasses is surprising, as is the similarity of the results 
for the two elements. These features raise questions that will be addressed using 
nuclear magnetic resonance spectroscopy in Chapter 3. 
2.2 Methods 
Sample synthesis 
The glasses in this study were synthesised from 13 different starting materials, 
which are listed in Table 2.1. Powdered oxide mixes of several compositions 
(AnDi, CAS, CMAS7 and L3) had been prepared for previous studies (O’Neill and 
Eggins 2002; O’Neill and Berry 2006). Oxide mixes for the other compositions, and 
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additional material for the CMAS7G composition, were synthesised from reagent 
grade SiO2, Al2O3, MgO, and TiO2 (all dried at 1000 °C), Na2CO3, K2CO3 and 
Ca3(PO4)2 (all dried at 200 °C), and CaCO3, Fe2O3, and Cr2O3 (which were not 
dried). These reagents were mixed under acetone in an agate mortar, and the mix 
was then dried as a powder at 110 °C, pelletised and decarbonated by firing in air at 
1050 °C. Approximately 3000 ppm reagent grade GeO2 and/or Ga2O3 was then 
added to the starting materials, and mixed thoroughly under acetone. 
 
Table 2.1. Nominal compositions of starting mixes (wt% oxide). 
 AnDi CMAS7A CMAS7F CMAS7G CAS1 CAS4 CAS5 
SiO2 50.33 55.89 62.04 59.78 42 53.85 62.3 
Al2O3 15.39 15.91 6.09 12.61 20 12.31 14.8 
MgO 10.79 12.49 13.99 2.38 – – – 
CaO 23.49 15.71 17.88 25.23 38 33.84 22.9 
        
NBO/T 2 0.94 0.7 1.05 0.62 0.88 0.85 0.4 
Λth 3 0.6 0.58 0.58 0.58 0.63 0.61 0.57 
        
 L3 AvMORB 
4 CapeV. 4 DB/3D PAL/D HiTiMB 4 NHPG-1 
SiO2 62.86 52.05 59.33 48.94 59.45 38.35 58.95 
Al2O3 17.92 16.12 11.85 15.04 13.07 8.38 14.98 
MgO 9.41 8.21 12.95 11.33 4.17 10.5 6.99 
CaO 9.81 12.31 6.13 8.39 8.87 10.29 8.59 
FeO* 1  10.01 9.7 16.3 14.43 19.17 – 
TiO2 – 1.3 0.05 – – 12.72 3.99 
Cr2O3 – – – – – 0.61 – 
Na2O – – – – – – 4 
K2O – – – – – – 2 
P2O5 – – – – – – 0.5 
        
NBO/T 2 0.33 0.42 0.5 0.49 0.22 0.67 0.4 
Λth 3 0.55 0.56 0.55 0.56 0.53 0.57 0.56 
        
1 FeO* refers to total iron expressed as FeO. 2 NBO/T is the ratio of non-bridging oxygens to 
tetrahedrally coordinated cations. This was calculated following Appendix 1 in Mills (1993). The 
calculation requires knowing the Fe3+/Fe2+ ratio, because Fe2+ is a network modifier whereas 
Fe3+ may act as a network former. Equation 7 in Kress and Carmichael (1991) was used to find 
the Fe2O3/FeO ratio for each composition, assuming an fO2 of air, pressure of 1 atm, and 
temperature of 1400 °C. This results in 2Fe2O3/(FeO+2Fe2O3) of approximately 0.6 for all the 
Fe-bearing compositions in this study. For the NBO/T calculation, all Fe3+ is assumed to be a 
network former in tetrahedral coordination (Mysen and Richet, 2005). 3 Λth refers to a theoretical 
optical basicity, which was calculated based on the stoichiometry of the composition following 
Equation 2 in Duffy and Ingram (1993) using optical basicities of oxides from Ottonello et al. 
(2001). 4 Composition name abbreviations are AvMORB = Average MORB, CapeV. = Cape 
Vogel, and HiTiMB = High-Ti Mare Basalt. 
 
Most ambient-pressure samples were synthesised in vertical tube furnaces; some 
samples were synthesised in box furnaces. Ga-doped compositions were mixed 
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with polyethylene oxide glue, loaded onto Pt/Rh wire loops, and hung in the 
furnace from a Pt wire chandelier. The Ge-doped samples were prepared in Pt 
capsules, which were welded shut at one end and crimped at the other end, because 
of the greater volatility of Ge. Larger batches of Ge- and Ga-doped glass were 
required to prepare the annealed glasses. Initially, these batches were made by 
melting the powdered oxide composition in graphite crucibles for about 15 min at 
1300 °C. However, these samples retained very little Ge, despite the short run time. 
This is probably because the graphite crucible imposed a low fO2 on the melt, 
increasing the volatility of Ge. To avoid this problem, subsequent samples were 
prepared in alumina crucibles. All ambient-pressure samples were prepared in air 
and quenched in water. 
High-pressure experiments up to 6 GPa were conducted using end-loaded Boyd-
England type piston cylinder apparatuses (200 T apparatuses were used up to 4 
GPa, and 500 T from 4.5–6 GPa). For the quenched melt experiments, each sample 
was prepared by loading 50-60 mg of the oxide starting material into a 3.5 mm 
diameter Pt capsule, with ~5-6 mg of a Ru-RuO2 oxygen buffer mix (80% RuO2, 
20% Ru) packed at each end of the capsule. The annealed glass experiments were 
prepared by loading powdered glass into 3.5 mm diameter Ag or Pt capsules with 
no oxygen buffer. Before welding the capsules shut, they were crimped loosely and 
dried at 110 °C overnight. Capsules in the quenched melt experiments were placed 
in an assembly composed of MgO, graphite, Pyrex and NaCl (see Figure 2.1); 
annealed glass experiments were run at low temperatures and so Pyrex was omitted 
from the assembly. This assembly was wrapped in Teflon foil and inserted into a 
1/2” or 5/8” pressure vessel (the 5/8” assembly was only used for pressures up to 
0.5 GPa). A Type B thermocouple, sheathed in mullite with a 5 mm alumina tip, 
was inserted through a bore in the top MgO spacer. The samples were equilibrated 
for 10 min to 24 h, at the temperatures and pressures listed in Table 2.2, Table 2.3, 
Table 2.4. The samples were quenched by cutting power to the graphite heater. 
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Figure 2.1. Cross section through a piston cylinder assembly. 
 
Three annealed glass experiments were also conducted at higher pressures (8 and 
10 GPa) in a 1200 T split sphere multi-anvil apparatus. For each experiment, the 
powdered glass starting material was packed into a 3.5 mm diameter Pt capsule, 
which was inserted into a Geophysical Lab 14/8 “G2” box assembly. This 
assembly consists of a box-shaped graphite heater surrounded by alumina and 
zirconia sleeves, inserted into an MgO octahedron (for a full description, refer to 
Leinenweber et al. 2012), and allows for a relatively large sample volume and 
reduced temperature gradients. A Type C thermocouple, sheathed in alumina, was 
used. The octahedron was placed in the centre of eight truncated cubes made of 
Toshiba F grade tungsten carbide, with pyrophyllite gaskets. Fibreglass sheets were 
used to insulate the outer faces of the cubes from the anvils, and copper electrodes 
on two of the cubes enabled power to flow through the heater. The experimental 
conditions are listed in Table 2.4. The pressure was ramped up over 6-20 h, and the 
sample was then heated at 100 °C/min to the desired temperature, held for 2 h, and 
then power was cut to quench the sample. Pressure was then slowly released over 
~12 h. 
  
Pt capsuleMgO
Graphite heater Pyrex NaCl
Steel top plug
Pyrophyllite Mitre
Type B thermocouple bead Alumina Mullite
Pt 30Rh wire
Pt 10Rh wire
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Table 2.2. Ge- and Ga-doped quenched melt samples (composition series). 
Sample Name Composition Pressure Temperature (°C) Time (h) 
Quenched melts doped with Ge 
C4496 AnDi 0.5 GPa 1500 20 
D1602 CMAS7A 0.5 GPa 1500 22 
D1601 CMAS7F 0.5 GPa 1500 22 
D1591 CMAS7G 0.5 GPa 1500 20 
D1597 CAS1 0.5 GPa 1500 22 
D1598 CAS4 0.5 GPa 1500 22 
C4503 L3 0.5 GPa 1500 22 
D1605 Av. MORB 0.5 GPa 1500 24 
D1611 Cape V. 0.5 GPa 1500 20 
C4519 Hi Ti M.B. 0.5 GPa 1500 24 
D1609 DB/3D 0.5 GPa 1500 20 
D1608 PAL/D 0.5 GPa 1500 20 
Quenched melts doped with Ga 
E16/11/13A Cape V. 1 atm 1400 13 
E16/11/13B Av. MORB 1 atm 1400 13 
E16/11/13C L3 1 atm 1400 13 
E16/11/13D CAS4 1 atm 1400 13 
E16/11/13E CAS5 1 atm 1400 13 
E16/11/13F CAS1 1 atm 1400 13 
E19/11/13D CMAS7A 1 atm 1394 16 
E19/11/13E DB/3D 1 atm 1394 16 
E19/11/13F CMAS7F 1 atm 1394 16 
E23/10/13A CMAS7G 1 atm 1267 4 
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Table 2.3. Ge- and Ga-doped quenched melt samples (pressure series). 
Sample Name Composition Pressure Temperature (°C) Time (h) 
Quenched melts doped with Ge 
NHPG-1 pressure series 
E13/11/13 NHPG-1 1 atm 1210 4 
D1637 NHPG-1 1.0 GPa 1500 6 
D1635 NHPG-1 2.0 GPa 1400 12 
D1638 NHPG-1 3.0 GPa 1500 16 
C4563 NHPG-1 4.0 GPa 1500 6 
uhppc253 NHPG-1 6.0 GPa 1650 6 
CMAS7A pressure series 
E15/10/13 CMAS7A 1 atm 1260 4 
D1602* CMAS7A 0.5 GPa 1500 22 
D1588 CMAS7A 1.0 GPa 1600 18 
C4491 CMAS7A 1.5 GPa 1600 18 
D1589 CMAS7A 2.0 GPa 1600 20 
C4493 CMAS7A 2.5 GPa 1600 14 
D1590 CMAS7A 3.0 GPa 1600 20 
D1592 CMAS7A 3.5 GPa 1650 22 
C4506 CMAS7A 4.0 GPa 1650 6 
CMAS7G pressure series 
E23/10/13B CMAS7G 1 atm 1267 4 
B1-080316 CMAS7G 1 atm 1300 0.25 
C110416 CMAS7G 1 atm 1300 0.25 
D05/04/16 CMAS7G 1 atm 1300 0.25 
D1591 CMAS7G 0.5 GPa 1500 20 
C4490* CMAS7G 1.0 GPa 1650 16 
D1586 CMAS7G 1.5 GPa 1650 5 
D1584 CMAS7G 2.0 GPa 1650 14 
C4484 CMAS7G 2.5 GPa 1650 13 
D1576 CMAS7G 2.5 GPa 1650 4 
uhppc271 CMAS7G 2.5 GPa 1650 2 
C4485 CMAS7G 3.0 GPa 1650 5 
C4486 CMAS7G 3.5 GPa 1650 5 
D1585 CMAS7G 4.0 GPa 1650 5 
D1572 CMAS7G 4.0 GPa 1650 5 
uhppc-251 CMAS7G 4.5 GPa 1650 6 
uhppc-367 CMAS7G 4.5 GPa 1650 5.5 
uhppc-369 CMAS7G 4.8 GPa 1650 6 
uhppc-250 CMAS7G 5.0 GPa 1650 6 
uhppc-258 CMAS7G 5.0 GPa 1650 5 
uhppc-365 CMAS7G 5.0 GPa 1650 4 
uhppc-370 CMAS7G 5.5 GPa 1650 6 
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Table 2.3. (Continued).    
Sample Name Composition Pressure Temperature (°C) Time (h) 
Quenched melts doped with Ga 
CMAS7G pressure series 
E23/10/13A* CMAS7G 1 atm 1267 4 
B1-080316 CMAS7G 1 atm 1300 0.25 
D1604 CMAS7G 0.4 GPa 1650 24 
D1580 CMAS7G 1.0 GPa 1650 4 
D1578 CMAS7G 2.0 GPa 1650 5 
D1576 CMAS7G 2.5 GPa 1650 4 
D1574 CMAS7G 3.0 GPa 1650 4 
D1577 CMAS7G 3.5 GPa 1650 14 
D1572 CMAS7G 4.0 GPa 1650 5 
uhppc-367 CMAS7G 4.5 GPa 1650 5.5 
uhppc-369 CMAS7G 4.8 GPa 1650 6 
uhppc-258 CMAS7G 5.0 GPa 1650 5 
uhppc-365 CMAS7G 5.0 GPa 1650 4 
uhppc-370 CMAS7G 5.5 GPa 1650 6 
 
 
Table 2.4. Ge- and Ga-doped annealed glass samples. 
Sample Name Pressure Temperature (°C) Time (h) Starting material batch (Crucible material) 
Annealed glasses doped with Ge and Ga, unless specified 
D2210 1.0 GPa 730 2 B1-080316 (Al2O3) 
D2212 1.5 GPa 730 2 B1-080316 (Al2O3) 
D2208 2.0 GPa 700 2 D05/04/16 (Al2O3) 
C5232 2.0 GPa 600 1 C11/04/16 (Al2O3) 
D2209 2.5 GPa 730 2 D05/04/16 (Al2O3) 
C5199 3.0 GPa 780 2 B1-080316 (Al2O3) 
C5231 3.0 GPa 600 1 C11/04/16 (Al2O3) 
D2125 3.5 GPa 780 2 B1-030216 (C) 
D2189 3.5 GPa 765 2 B1-080316 (Al2O3) 
D2213 3.5 GPa 730 2 B1-080316 (Al2O3) 
D2173 4.0 GPa 780 2 B1-080316 (Al2O3) 
D2207 4.0 GPa 700 15 D05/04/16 (Al2O3) 
C5228 4.0 GPa 600 1 C11/04/16 (Al2O3) 
uhppc357 (Ga only) 5.0 GPa 780 2 B2-220216 (C) 
uhppc358 (Ga only) 6.0 GPa 780 2 B2-220216 (C) 
uhppc372 6.0 GPa 760 2 B1-080316 (Al2O3) 
MA-1117 8.0 GPa 780 2 B1-080316 (Al2O3) 
MA-1121 8.0 GPa 700 2 B1-080316 (Al2O3) 
MA-1118 10 GPa 780 2 B1-080316 (Al2O3) 
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Along with the glass samples, model compounds that have Ge and Ga in known 
coordination environments were synthesized (these are listed in Table 2.5). Details 
of how each compound was prepared are given in the supplementary material 
(Section 7.1, pp. 195). The phase purity of the model compounds was verified by 
powder X-ray diffraction (XRD) using a STOE Transmission Powder 
Diffractometer System STADI P with a Co tube, operating at 40 kV and 30 mA. 
 
Table 2.5. Model compounds with known Ge or Ga coordination environments. 
Name Mineral analogue Ga/Ge coordination number  
Ge-bearing 
qz-GeO2 Quartz 4 
rt-GeO2 Rutile 6 
ol-Mg2GeO4 Olivine 4 
spl-Mg2GeO4 Spinel 4 
wo-CaGeO3 Wollastonite 4 
grt-CaGeO3 Garnet 4 
en-MgGeO3 Enstatite 4 
Ga-bearing 
β-Ga2O3  4 & 6 (50% of each) 
spl-ZnGa2O4 Spinel 6 
ab-NaGaSi3O8 Albite 4 
crn-Al2O3 Corundum, doped with ~3000 ppm Ga 6 
an-CaAl2Si2O8 Anorthite, doped with ~3000 ppm Ga 4 
 
Sample characterisation 
Glass samples were mounted in epoxy, sectioned and polished. To confirm the 
major element concentrations of glasses matched those of the starting material and 
check for the presence of crystals, several glasses were analysed using a Hitachi 
S4300 SE/N Field Emission Scanning Electron Microscopy (FE-SEM), fitted with 
an Oxford X-Max EDS detector. Samples were analysed using a 15 kV accelerating 
voltage, 0.600 nA beam current and a working distance of 25 mm. Standards used 
for calibration were MgO for Mg, albite for Al and Na, sanidine for Si and K, 
diopside for Ca, TiO2 for Ti, Cr2O3 for Cr, NaCl for Cl, Fe2O3 for Fe, and PrP5O14 
for P. 
The concentrations of Ge and Ga were determined in each sample by Laser 
Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS), using an 
eximer laser system (wavelength 193 nm, 5 Hz pulse rate) coupled to an Agilent 
7700 ICP-MS, with a HelEx ablation chamber, and He + Ar as the carrier gas. For 
each spot, 20 s of background was measured before ablating the sample for ~40 s. 
NIST 610 glass was used as the external standard, with Si as the internal standard; 
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no secondary standard was used, as high levels of accuracy were not necessary. The 
spot sizes used were either 37, 47 or 62 µm.  
The Tg of the CMAS7G composition glass was determined using differential 
scanning calorimetry (DSC) at the CNRS-Institut de Physique du Globe de Paris. 
A ~1 g batch of CMAS7G glass was melted at ambient pressure and quenched to 
form glass. The DSC analysis was repeated twice at a heating rate of 10º/min. 
X-ray absorption spectroscopy 
Ge and Ga K-edge XANES and EXAFS spectra were recorded in fluorescence 
mode using the X-ray Absorption Spectroscopy (XAS) beamline of the Australian 
Synchrotron, over three days in December 2013 and three days in April 2016. A Si 
(111) crystal monochrometer (cooled by liquid nitrogen) was used to select the X-
ray energy. The energy was calibrated by defining the first peak in the derivative 
spectrum of Au foil, recorded in transmission mode, to be at 11919.7 eV. The 
beamline energy resolution was 1.67 eV at the Ge K-edge and 1.56 eV at the Ga K-
edge.  The beam size was ~0.5 × 0.5 mm. Rh-coated mirrors were used for 
harmonic rejection. A 100-element Ge detector was used that has a nominally 
linear response to count rates. Due to the possibility of non-linearity between the 
incoming and outgoing count rates, intensity of the white line can vary 
systematically with count rate. To mitigate this effect, the distance between the 
detector and the sample was varied to maintain an approximately constant count 
rate of between 13,500 s-1 and 16,700 s-1 at the end of the scan in the 2013 
experiment, and between 18,000 s-1 and 25,000 s-1 in the 2016 experiment. The 
energy ranges and step sizes used to acquire the spectra are detailed in Table 2.6. 
Count times were 1 s or 2 s per point so that the total scan time was ~30 min.  
For each scan, the signals from all detector elements were averaged and divided by 
the incident photon flux using the programs Average or Sakura. Normalisation and 
background subtraction of spectra was performed using the program ATHENA 
(Ravel and Newville 2005). Linear combination fits were performed using 
MATLAB (The MathWorks Inc. 2015). Fitting of EXAFS spectra was done using 
ARTEMIS (Ravel and Newville 2005), with q-GeO2 as the reference material. Four 
paths were used to fit the q-GeO2 (R range 1.0–3.2 Å): single scattering from first-
shell O, single scattering from second-shell Ge, single scattering from third-shell O 
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and double scattering from first-shell O and second-shell Ge. These four paths 
contributed most to the spectrum and adding more paths did not improve the fit. 
To fit the glass samples, only one path was used (single scattering from first-shell O, 
R range 1.0–2.0 Å), and the S02 parameter was constrained to be the same as the 
value obtained by fitting q-GeO2. 
 
Table 2.6. Energy ranges and step sizes used to acquire XANES and EXAFS spectra. 
 Pre-edge Edge Post-edge 
 Energy ranges 
Ge 
Ga 
10903 – 11083 eV 
10167 – 10347 eV 
11083 – 11153 eV 
10347 – 10417 eV 
11153 – 11488 eV 
10417 – 10752 eV 
 Step size 
2013 – XANES 10 eV 0.2 eV 0.1Å-1 to k=10 
2016 – XANES 8 eV 0.25 eV 0.1 Å-1 to k=10 
2013 – EXAFS 10 eV 0.4 eV 0.05 Å-1 to k=16 
 
To check for systematic differences in spectra between beamtimes, four Ge spectra 
and three Ga spectra were recorded during both the 2013 and 2016 experiments. 
Comparing these spectra revealed a small systematic shift in the edge energy, and a 
small change in the intensity of the white line between the spectra recorded in 
different experiments. To account for this, the spectra recorded in 2016 were shifted 
by +0.37 eV. The intensity of the white line was not corrected for because the 
change was small (3 % at most).  
In the data analysis, the linear combination fits provide the key results of this study. 
Where two spectra were acquired during different beamtimes for a single sample, 
both spectra were fit, and the resulting fit parameters were averaged. The error was 
taken as either the standard deviation of the fit parameters or the errors on the 
individual fits, whichever was larger.  
2.3 Results 
Sample characterization 
Average compositions of glasses made from different starting compositions, 
determined by FE-SEM, are listed in Table 2.7. For CMAS7A, CMAS7G and 
NHPG-1, compositions from multiple samples are averaged. Details of the 
individual samples are given in the supplementary material (section 7.2, p.197). 
Analytical totals in some samples were as low as 89% (C4506), but typically around 
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96–98%. These low totals likely result from dissolved volatiles in the melt (water or 
CO2). The presence of volatiles is also indicated by the observation of large round 
vesicles in some of the samples. Samples containing vesicles are listed in the 
supplementary material (section 7.3, p.199). 
Ge and Ga concentrations in all samples were determined using LA-ICPMS (see 
supplementary material, section 7.3, p.199). The average concentrations were 2162 
± 246 ppm Ga in Ga-doped samples, and 2663 ± 364 ppm Ge in Ge-doped 
samples. The standard deviation quoted is the standard deviation on the means of 
each sample, reflecting ~300 ppm variation in Ge and Ga content between 
samples. Standard deviations on multiple analyses within samples were typically 
~10 – 100 ppm. 
 
Table 2.7. Average compositions of glasses made with different starting compositions, 
determined using FE-SEM. 
 AnDi CMAS7A CMAS7F CMAS7G CAS1 CAS4 CAS5 
n 3 15† 3 37†† 2 3 3 
SiO2 50.0 (3) 51.9 (21) 61.7 (3) 58.2 (14) 41.0 (1) 49.7 (4) 61.6 (1) 
Al2O3 15.0 (2) 14.4 (6) 5.9 (1) 12.2 (4) 19.03 (3) 11.24 (2) 14.4 (1) 
MgO 10.5 (1) 12.0 (16) 14.1 (3) 2.3 (1) – 1.63 (7)  
CaO 22.5 (1) 14.0 (58) 17.63 (4) 24.0 (5) 35.50 (2) 32.1 (2) 21.7 (2) 
Total 98.0 (8) 92.3 (30) 99.3 (1) 96.7 (21) 95.5 (1) 94.7 (4) 97.7 (4) 
        
 L3 AvMORB CapeV DB/3D PAL/D HiTiMB NHPG-1 
n 3 3 3 3 3 2 9††† 
SiO2 61.2 (3) 51.1 (1) 49.5 (3) 47.8 (3) 58.2 (2) 37.18 (6) 58.6 (5) 
Al2O3 16.9 (2) 15.5 (2) 14.6 (2) 14.38 (7) 12.49 (8) 8.09 (1) 14.7 (2) 
MgO 8.94 (3) 7.97 (8) 21.7 (7) 10.64 (3) 3.85 (6) 9.59 (4) 6.70 (7) 
CaO 9.24 (2) 11.7 (1) 5.89 (5) 7.91 (2) 8.33 (5) 9.8 (2) 8.26 (7) 
FeO* – 10.9 (2) 4.65 (4) 16.69 (1) 15.3 (1) 19.4 (2)  
TiO2 – 1.27 (8) – – – 11.6 (2) 3.8 (1) 
Cr2O3 – – – – – 0.50 (6)  
Na2O – 0.22 (3) 0.49 (2) – – – 3.8 (3) 
K2O – – – – – – 1.87 (8) 
P2O5 – – – – – – 0.43 (3) 
RuO2 – – – – – 0.85 (6)  
Total 96.35 (3) 98.7 (1) 96.8 (5) 97.4 (5) 98.2 (2) 97.0 (3) 98.1 (5) 
        
n is the number of analyses. FeO* refers to total iron expressed as FeO. †The 15 analyses of 
CMAS7A are from five different samples. ††The 37 analyses of CMAS7G are from ten different 
samples, including quenched melts and annealed glasses. †††The 9 analyses of NHPG-1 are 
from six different samples. The larger standard deviations on CMAS7A and CMAS7G result 
from small deviations in the composition between different batches of the starting material used 
in different experiments. Other compositions are all measured on the run products of 0.5 GPa 
experiments (‘Quenched melts doped with Ge’ in Table 2.2), with the exception of the CAS5 
composition which was prepared at 1 atm (sample E16/11/13E). 
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Crystals were observed in only two of the quenched melt samples: D1609, and 
C4519. In D1609, the crystals were < 1 µm in size. In C4519, the crystals were < 1 
µm wide but up to 10 µm long. Due to their small size, these crystals were not 
identified. 
Crystals of corundum (Al2O3) were observed in most of the annealed glasses. The 
largest and most abundant crystals were observed in the highest-pressure sample, 
MA1118 (Figure 2.2). In this sample, corundum crystals are up to ~ 70 µm in size. 
If these essentially pure Al2O3 crystals were the product of devitrification of the 
glass, it would be expected that the immediately adjacent glass should be strongly 
depleted in Al. However, no evidence for this was observed by EDS analysis. 
Instead, these crystals are more likely to be fragments of the alumina crucible used 
to melt the starting material. The alumina crucible was broken in order to extract 
the glass, and pieces of glass were picked to make the starting material for the 
annealed glasses. Although care was taken to pick out only glass, fragments of 
alumina ~100 µm in size would have been difficult to spot if they had adhered to 
the glass chips. 
As well as corundum, unidentified ‘mottled patches’ were observed in BSE in the 
three highest-pressure experiments. These patches have well-defined boundaries 
(Figure 2.2A,B), and contain a mottled texture in BSE reflecting a heterogeneous 
composition (Figure 2.2C), however their bulk composition is the same as that of 
the surrounding glass. Within the mottled texture, dark parts contain ~ 6 wt% more 
SiO2 and ~ 6 wt% less CaO than the surrounding glass; the converse was observed 
in the light parts. These mottled features probably represent the onset of 
crystallisation. It is not expected that the presence of these corundum crystals and 
‘mottled features’ will contribute significantly to the XANES or EXAFS spectra, 
because they make up a small fraction of the sample. 
All quenched melt samples were buffered using a mixture of Ru and RuO2. The 
experimental products were checked to see that both phases were present. Most 
samples contained either both phases or RuO2 only, so the fO2 must have been 
either at or above the Ru–RuO2 buffer. Phases present in sample D1592 could not 
be checked because no buffer was exposed at the surface. The only sample that 
certainly reduced during the run was D1572, which contained Ru metal only.  
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Figure 2.2. (A) BSE image of MA1118, showing corundum crystals and unidentified 'mottled 
patches'. (B) Close up of corundum crystals and one ‘mottled patch’. (C) Close up of the interior 
of the ‘mottled patch’ shown in (B). 
 
DSC analysis indicated that the Tg of a glass of CMAS7G composition (quenched 
at ambient pressure) was 777 ± 0.5  ºC. 
X-ray absorption spectroscopy 
The full Ge- and Ga XANES spectra for a quenched melt prepared at 1 atm are 
shown in   
Figure 2.3 to demonstrate that spectra are well normalised. In subsequent figures, 
only the near-edge part of the spectra will be shown.  
  
Figure 2.3. (A) Ge and (B) Ga K-edge XANES spectra of sample B1-080316. 
 
To determine the differences in XANES spectra between 4- and 6-fold coordinated 
Ge and Ga, spectra of model compounds were acquired Figure 2.4. In the [6]Ge- 
and [6]Ga-bearing samples, the absorption edge is at higher energy, the intensity of 
the white line is greater and wider, and the intensity of the first minimum lower 
than in samples containing [4]Ge- and [4]Ga. Therefore, these are the types of 
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spectral changes expected if a coordination change is preserved in the glass 
samples. 
 
 
Figure 2.4. (A) Ge K-edge XANES spectra of model compounds: qz-Ge[4]O2, ol-Mg2[4]GeO4, en-
Mg[4]GeO3, wo-Ca[4]GeO3, grt-Ca[4]GeO3, spl-Mg2[4]GeO4, and rt-[6]GeO2. (B) Ga K-edge XANES 
spectra of model compounds: ab-Na[4]GaSi3O8, Ga doped an-CaAl2Si2O8, β-Ga2O3, Ga doped 
crn-Al2O3, and spl-ZnGa2O4. Spectra are offset for clarity, and dotted lines are a guide to the 
eye. 
 
The spectra of glasses show very little change with composition, but significant 
changes with pressure. Figure 2.5 shows spectra of quenched melts of different 
compositions made at the same pressure; these spectra show no shift in the edge 
energy and only subtle variations in shape. However, Figure 2.6 shows that the 
differences in spectra between the lowest- and highest-pressure glass samples reflect 
the changes seen between 4-fold and 6-fold coordination model compounds. This 
indicates that the coordination numbers of Ge and Ga are unaffected by 
composition (at least, at ambient pressure), but increase with pressure.  
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Figure 2.5. (A) Ge and (B) Ga K-edge XANES spectra of glasses of various compositions. Ge-
bearing glasses were prepared at 0.5 GPa; Ga-bearing glasses were prepared at 1 atm. 
Spectra are offset for clarity, and dotted lines are a guide to the eye.  
 
In Figure 2.6 the Ge XANES spectrum of the 10 GPa annealed glass exhibits a 
shoulder at ~11109 eV, which is not seen in the spectra of model compounds. This 
feature is seen in the spectra of all the annealed glasses (and is more pronounced at 
lower pressures), but only in one of the quenched melts – sample D1572 (4 GPa). 
The shoulder is at the same energy as the white line of Ge2+ in silicate glass (see 
Chapter 5), suggesting that Ge has been partially reduced. The annealed glass 
samples were unbuffered, so while the reduction of Ge4+ to Ge2+ is unexpected, it is 
possible. The quenched melts were buffered with Ru-RuO2, but the RuO2 in sample 
D1572 was consumed, allowing the fO2 of the sample to decrease. I therefore 
interpret this shoulder as a Ge2+ component in the samples. For a more detailed 
justification of this interpretation, please see the supplementary material (section 
7.4, p.202). 
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Figure 2.6. (A, B) Ge and Ga K-edge XANES spectra for samples prepared at 1 atm (B1-
080316) and 10 GPa (MA1118). (C) the spectra of qz-[4]GeO2 and rt-[6]GeO2. (D) the spectra of 
ab-Na[4]GaSi3O8 and spl-Zn[6]Ga2O4. Dotted lines are a guide to the eye. 
 
For the purposes of determining the coordination of Ge4+, the Ge2+ component 
needed to be removed from the spectra. This was achieved by linear combination 
fitting each spectrum using three end-members: the spectrum of a Ge2+-bearing 
glass (sample D12/04/16, see Chapter 4), the spectrum of a quenched melt 
containing Ge4+ prepared at ambient pressure (B1-080316), and the spectrum of rt-
[6]GeO2. The spectra of these three end-members are shown in Figure 2.7A. The 
linear combination of the end-members is given by: ! = ! ∙ !! + ! ∙ !! + (1− ! − !) ∙ !! 
Equation 2.1 
where y is the linear combination fit, s1, s2, and s3 are the end-member spectra, and 
A and B are the fit parameters. Each mixed spectrum was fit to Equation 2.1 using a 
least-squares method. Fits were better for the low-pressure samples than for the 
higher-pressure samples (Figure 2.7B, C), where the [6]Ge component is more 
important, because the spectrum of a crystalline compound is not an ideal analogue 
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for the spectrum of [6]Ge in a glass. However, the fits are assumed to be sufficient to 
allow the proportion of the Ge2+ component in each spectrum to be estimated 
(given as fit parameter A in Table 2.8). This component was then removed by 
subtraction of the appropriate proportion of the Ge2+ spectrum from each mixed 
spectrum; the resulting ‘difference spectrum’ was then renormalized.  
 
 
Figure 2.7. (A) Ge XANES spectra of a Ge2+-bearing glass (D12/04/16, yellow), a [4]Ge4+-
bearing glass (B1-080316, blue) and rt-[6]Ge4+O2 (red). (B) A linear combination fit (green) to the 
spectrum of D2210 (black). (C) A linear combination fit (green) to the spectrum of MA1118 
(black). In panels B and C, the yellow, blue and red curves are the components of the fit, which 
correspond to the end-members shown in panel A. Dotted lines are a guide to the eye.  
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Table 2.8. Fit parameters from Equation 2.1 used to determine the Ge2+ component in the 
annealed glasses. 
Sample Pressure (GPa) A – Ge2+  B – [4]Ge4+  (1−A−B) – [6]Ge4+  
D2210 1 0.327 (4) 0.661 (9) 0.01 (1) 
D2212 1.5 0.300 (5) 0.683 (10) 0.02 (1) 
C5232 2 0.101 (6) 0.885 (12) 0.01 (1) 
D2208 2 0.298 (5) 0.665 (11) 0.04 (1) 
D2209 2.5 0.280 (5) 0.666 (11) 0.05 (1) 
C5199 3 0.220 (7) 0.686 (16) 0.09 (2) 
C5231 3 0.090 (7) 0.870 (14) 0.04 (2) 
D2125 3.5 0.671 (4) 0.282 (8) 0.05 (1) 
D2189 3.5 0.156 (7) 0.706 (15) 0.14 (2) 
D2213 3.5 0.254 (7) 0.622 (14) 0.12 (2) 
C5228 4 0.101 (5) 0.847 (11) 0.05 (1) 
D1572* 4 0.087 (10) 0.882 (21) 0.03 (2) 
D2173 4 0.255 (8) 0.618 (16) 0.13 (2) 
D2207 4 0.257 (7) 0.604 (14) 0.14 (2) 
uhppc372 6 0.185 (12) 0.528 (24) 0.29 (3) 
MA1117 8 0.058 (18) 0.425 (38) 0.52 (4) 
MA1121 8 0.107 (17) 0.468 (35) 0.42 (4) 
MA1118 10 0.122 (19) 0.386 (41) 0.49 (5) 
*Sample D1572 is a quenched melt sample; all others are annealed glasses. Numbers in 
parentheses give the 95% confidence interval on the last digit of the fit parameter. 
 
The progressive changes in the Ge and Ga spectra with pressure, corresponding to 
an increase in coordination, are shown in Figure 2.8. The Ge2+ component has 
been removed from the annealed glass spectra (marked with an asterisk) in Figure 
2.8A. While each pressure series shows a similar trend, the magnitude of the 
changes vary, so the relative extent of the coordination change in each sample was 
quantified using linear combination fitting.  
The linear combination fits were made using a low- and a high-pressure end-
member. The low-pressure end-member was the quenched melt of appropriate 
composition made at ambient pressure. The high-pressure end-member was the 
spectrum of MA1118 (an annealed glass prepared at 10 GPa). Each spectrum was 
fit using the equation  ! = ! ∙ !! + (1− !) ∙ !! 
Equation 2.2 
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Figure 2.8. (Left) Selected, representative Ge 
K-edge XANES spectra of samples 
synthesised at the pressures indicated for the 
compositions (A) CMAS7G, (B) CMAS7A and 
(C) NHPG-1. *Asterisks indicate spectra of 
annealed glass samples; other spectra are for 
quenched melt samples. Annealed glass 
spectra have had the Ge2+ component 
removed as described in the text and 
illustrated in Figure 2.7. (Right) Selected, 
representative Ga K-edge XANES spectra of 
samples synthesised at the pressures 
indicated. *Asterisks indicate spectra of 
annealed glass samples; other spectra are for 
quenched melt samples. Dotted lines are a 
guide to the eye. 
 
 
where y is the linear combination fit, s1, and s2 are the end-member spectra, and A is 
the fit parameter (i.e. the fraction of the low-pressure end-member). Examples of 
these fits for each composition are shown in Figure 2.9.  
The relative changes in the average coordination number with pressure for Ge and 
Ga are shown in Figure 2.10 and Figure 2.11. In these figures, the fraction of the 
high-pressure end-member (i.e. (1−A) in Equation 2.2) is plotted against pressure. 
The vertical axis can be interpreted as proportional to the average coordination 
number, although the proportionality is unknown, and is probably different 
between Ge and Ga.  
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Figure 2.9. Linear combination fits of Ge and Ga XANES spectra. (A) Ge spectrum of D2207 (4 
GPa, CMAS7G). (B) Ge spectrum of C4506 (4 GPa, CMAS7A). (C) Ge spectrum of uhppc253 
(6 GPa, NHPG-1). (D) Ga spectrum of uhppc258 (6 GPa, CMAS7G). In each panel, the black 
curve is the spectrum, the green curve is the fit, and the blue and red curves are the low- and 
high-pressure components of the fit respectively. 
 
For all compositions, a gradual increase in coordination number is seen with 
pressure, but the rate and extent of this increase varies. For the quenched melts of 
composition CMAS7G and CMAS7A, there is a rapid increase in Ge coordination 
from about 3 GPa. This change is less rapid for the composition NHPG-1. In 
particular, the quenched melts of composition CMAS7G show a remarkable 
increase in Ge coordination between 4 and 4.5 GPa.  
On the other hand, the coordination change of Ge in annealed glasses appears to 
begin at lower pressures (1.5 GPa), but increases steadily up to 10 GPa. The 
annealed glasses were made at a range of temperatures, and the rate at which the 
coordination changes with pressure is lower in the samples prepared at 600 °C than 
in the samples made at 700 °C or higher. The 8 GPa samples also show a 
substantial difference in the Ge coordination between the sample made at 700 °C 
and the one made at 780 °C. Fits to the Ga spectra also show a substantial increase 
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in coordination between 4 and 4.5 GPa in the quenched melts, and a steadier 
increase in coordination with pressure in the annealed glasses.  
 
 
Figure 2.10. The fraction of the high-pressure component derived from linear combination fitting 
of each Ge K-edge XANES spectrum, plotted against the pressure of synthesis. (A) Fits to 
spectra of annealed glasses (circles) of composition CMAS7G, which were annealed at different 
temperatures: black = 600 °C, grey = 700-730 °C, white = 765-780 °C. (B, C, D) Fits to spectra 
of quenched melts (orange squares) of compositions CMAS7G, CMAS7A and NHPG-1. 
 
 
Figure 2.11. The fraction of the high-pressure component derived from linear combination fitting 
of each Ga K-edge XANES spectrum, plotted against pressure of synthesis. (A) Fits to spectra 
of annealed glasses (circles) of composition CMAS7G, which were annealed at different 
temperatures: black = 600 °C, grey = 700-730 °C, white = 760-780 °C. (B) Fits to spectra of 
quenched melts (orange squares) of composition CMAS7G. 
 
EXAFS spectra have the potential to provide quantitative information on the local 
environment of Ge. Germanium EXAFS spectra for the qz-Ge[4]O2, and the 1, 4 
and 6 GPa samples of NHGP-1 composition are shown in Figure 2.12 (black 
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curves). If the coordination changed from tetrahedral to octahedral, the Ge-O bond 
length should increase (e.g., the bond length in qz-[4]GeO2 is 1.74 Å, whereas that in 
rt-[6]GeO2 is 1.87 Å). If this were the case, the first peak in the Fourier transform of 
the EXAFS should shift to greater radial distance. Such a shift is not apparent in 
Figure 2.12B. Fits to the spectra (shown in red in Figure 2.12) yield bond lengths 
and coordination numbers that are within error of each other for all samples, 
suggesting that EXAFS is not sensitive enough to resolve the changes that are 
apparent in the XANES spectra for these samples. 
 
 
 
Figure 2.12. Ge K-edge EXAFS spectra (black curves) of samples of NHPG-1 composition 
plotted in (A) k-space and (B) R-space. Dotted line is a guide to the eye. Red curves are fits to 
the spectra; refer to text for details. 
 
2.4 Discussion 
Evidence for and extent of coordination changes 
The key finding in this study is that Ge and Ga do undergo pressure-induced 
coordination changes when dissolved as trace elements in silicate melt. The shape 
of Ge and Ga XANES spectra are change little with composition at low pressure, 
but change substantially with increasing pressure. These changes are similar to 
those observed in model compounds containing known coordination environments. 
The changes seen in the spectra are also comparable to those in many previous 
studies of amorphous GeO2 under pressure (Itié et al. 1989; Ohtaka et al. 2001; 
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Ohtaka et al. 2002; Majérus et al. 2004; Ohtaka et al. 2004; Cormier et al. 2007; 
Vaccari et al. 2009; Baldini et al. 2010; Hong et al. 2014). 
The extent of the coordination change in the samples is unknown, but is probably 
not complete. From 0 to 2 GPa, little change in the extent of coordination is seen, 
which suggests that only four fold coordinate environments are present at these 
pressures. The spectra begin to change from about 3 GPa, indicating the beginning 
of a coordination change. If the spectra were to stop changing with pressure, this 
might indicate that the coordination was predominantly 6-fold and therefore no 
longer changing with pressure. However, the results do not convincingly show this. 
Furthermore, studies of GeO2 glass, and Ga in germanate and silicate glasses 
indicate the coordination in these samples extends over a wide range of pressure. 
Early studies of Ge suggested a rapid change between ~6 and 13 GPa, (Itié et al. 
1989; Ohtaka et al. 2001; Ohtaka et al. 2002; Ohtaka et al. 2004), whereas more 
recent studies show that a completely octahedral state is not reached until about 20-
30 GPa, if at all (Majérus et al. 2004; Cormier et al. 2007; Vaccari et al. 2009; 
Baldini et al. 2010; Hong et al. 2014). The coordination of Ga in jadeite glass 
changes over a pressure range from 0 to 15 GPa (Cormier et al. 2007). Since all 
these literature studies suggest a wide pressure range of transformation, and there is  
limited data at high pressure, the coordination change is most likely incomplete in 
the samples, but cannot be quantified. 
Factors that might affect preserved coordination environments  
Even if the extent of coordination change in the glasses could be quantified, it 
would be likely to differ from the coordination in the melt at the conditions of the 
experiments. As described in section 2.1 (Introduction), the Tf and Pf recorded in 
the structure of a glass may differ from the pressure and temperature of synthesis. 
The results would be straightforward to interpret if the Tf of all samples were 
similar and the Pf of samples were equal to that of the run pressure – or if not equal, 
at least increased in proportion to increasing run pressure. However, these two 
conditions may not be met. 
Dissolved water in the quenched melts 
One key issue affecting the glasses is the presence of dissolved water. The very low 
totals from the chemical analyses of the quenched melts (92.3 ± 3.0, 96.7 ± 2.1 and 
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98.1 ± 0.5 from CMAS7A, CMAS7G and NHPG-1 respectively) indicate that 
there are dissolved volatiles (probably water) in the glasses. This interpretation is 
also supported by the observation of large round vesicles in many of the samples. 
The presence of water could result from the starting material not being fully dried 
prior to the experiment. Capsules were left at 110 ºC overnight before welding them 
shut, but the oxide mixtures were kept at room temperature and therefore may have 
absorbed moisture from the air over time, which was not driven off when the 
capsules were dried. 
However, the amount of water dissolved in the annealed glasses should be 
negligible, because these samples were synthesised by first melting the starting 
composition at 1300 ºC in air. Some water could have been introduced to the 
powdered glass during grinding under acetone, but this should have dried off when 
the capsules were left at 110 ºC overnight before they were sealed. The powdered 
glass used for the annealed glass experiments is unlikely to be as hygroscopic as the 
powdered oxide mixtures used as the starting materials for quenched melts. 
The effect of water on melt structure in general—polymerisation in particular—has 
been well studied (Manning 2018), but the specific effect on cation coordination is 
not well known. Malfait et al. (2012) found that in rhyolites, increased water 
content caused a decrease in the proportion of higher-coordinate Al, but in andesite 
the effect was the opposite. Xue and Kanzaki (2008) found that hydrous glasses 
prepared at 2 kbar contained more higher-coordinate Al than anhydrous glasses 
prepared at 1 atm, and postulate that water leads to an increase in average Al 
coordination; but since we know for sure that pressure increases average Al 
coordination, it is hard to compare the two sample sets directly. The compositions 
used in this study have NBO/T similar to andesites, so we could hypothesise that 
dissolved water in the melts would lead to a higher average Al coordination 
environment, and perhaps the same would hold true for Ge and Ga. However, this 
is very speculative with such little data. Another effect of water is to decrease the 
viscosity of the liquid, thereby possibly altering Tf, which will be discussed in the 
next section. 
Changes in fictive temperature in quenched melts 
The two key factors affecting the Tf of a quenched melt are the cooling rate and the 
viscosity of the melt. The cooling rate is unlikely to vary between samples, because 
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all were quenched in the same way – by cutting power to the assembly (at least up 
to 6 GPa where the assemblies used were the same; multi-anvil experiments might 
have slightly different quench rates). Therefore, if the viscosity were equal between 
the samples, Tf would not vary regardless of the run temperature. For example, 
Figure 2.13 illustrates the run conditions of three experiments (a, b, and c) 
performed at different temperatures. When these experiments are quenched, all 
three samples cross the glass transition at point d, and so all have the same Tf. 
However, the viscosity of the melt, and hence the position of the glass transition 
curve in Figure 2.13, may vary between samples. 
 
 
Figure 2.13. Conceptual illustration of how the Tf of samples may vary depending on what 
temperature they cross the glass transition. The orange symbols (a, b and c) represent the run 
conditions of three quenched melt experiments. The white, grey and black symbols (f, g and h) 
represent the run conditions of three annealed glass experiments. See text for more details. 
Note that this is a conceptual illustration only, for the purpose of aiding discussion, and axes are 
not to scale. 
 
There are three main ways that the viscosity of the melt may vary between samples. 
Firstly, the effects of pressure were investigated for three different compositions in 
this study, with NBO/T of 0.70, 0.62 and 0.40 for CMAS7A, CMAS7G and 
NHPG-1 respectively. If we use NBO/T as a proxy for viscosity, then all else equal, 
the greater viscosity of CMAS7A should mean that on quenching it would cross the 
glass transition at a higher temperature (e.g. point e in Figure 2.13). Therefore, Tf 
preserved in CMAS7A should be higher than CMAS7G, which should in turn be 
higher than NHPG-1.  
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Secondly, dissolved water has a strong influence on viscosity. Adding water 
interrupts the polymerisation of the network (Burnham 1975) and causes a large 
decrease in Tg (Deubener et al. 2003). In quenched melts, the result would be that 
hydrous melts would have a lower Tf compared with dry melts. If some samples 
contained more water than others, they would therefore have different Tf. 
Furthermore, if pressure either promoted or inhibited the dissolution of water into 
the melt, this would also lead to differences in Tf between samples as a function of 
pressure. Without knowing the water contents of the samples, it is impossible to 
quantify this discussion with any certainty. As a proxy for water content, I have 
plotted the analytical total against pressure in the supplementary material, Figure 
7.1 (section 7.2, p.197). There is no correlation between analytical total and 
pressure apart from in the CMAS7A pressure series, which does show lower totals 
at higher pressure. Future work will be needed to quantify the water contents of all 
samples investigated. 
Thirdly, the effect of pressure itself might influence viscosity regardless of the 
presence or absence of volatiles. Previous work has shown that in compositions 
relevant to those studied here (i.e. NBO/T < 1), viscosity typically decreases with 
pressure up to ~4 GPa, but then increases with pressure higher than ~3–5 GPa 
(Funakoshi et al. 2002; Suzuki et al. 2005; Sakamaki et al. 2013; Kono 2018). This 
is probably because initial compression is accommodated by increasing the bond 
angles between neighbouring tetrahedral units, which will lead to the breaking of 
some bridging oxygen bonds and therefore depolymerisation of the network 
(Sakamaki et al. 2013; Wang et al. 2014). Beyond this pressure, coordination 
changes become a more important compression mechanism (Sakamaki et al. 2013; 
Wang et al. 2014). If the same occurs in the melts studied here, then we expect that 
as viscosity decreases up to ~3-5 GPa, Tf should decrease. Above this pressure, Tf 
should increase again. 
Unfortunately, it is very difficult to estimate how much of an effect Tf is likely to 
have on coordination changes of Ge and Ga in these samples. Previous work on 
the temperature-dependence of cation coordination has mainly involved 
synthesising glasses with different fictive temperatures and using NMR spectra to 
determine coordination. For Si and Al, coordination numbers tend to increase with 
increasing temperature in compositions that contain appreciable non-bridging 
oxygens (Stebbins 1991; Allwardt et al. 2005a; Stebbins et al. 2008), although in B-
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rich aluminoborosilicates and borates, both Al and B coordination decreases with 
temperature (Stebbins and Ellsworth 1996; Wu and Stebbins 2010; Morin and 
Stebbins 2016). Al coordination is also found to behave differently in highly 
polymerised systems. For example, Allwardt et al. (2005a) found that the NBO-
poor NaAlSi3O8 glasses exhibit a decrease in Al coordination with temperature, and 
Mailfait et al. (2012) found no measurable change in Al coordination with 
temperature in rhyolite glasses (NBO/T = 0.03). This result contradicts the results 
of Stebbins et al. (2008), who reported an increase in Al coordination number with 
temperature in calcium aluminosilicate glasses with NBO/T ranging from 0 to 0.8. 
However, most of these studies rely on only two data points for each composition 
investigated, because of the difficulty in synthesising glasses with different fictive 
temperatures. 
Based on the previous work, the best guess that we can make for the samples in this 
thesis (NBO/T range from 0.4 to 0.7) is that increasing Tf might cause a small 
increase in the Ge and Ga coordination numbers preserved in the glass. Any 
attempts to quantify this will be meaningless given the sparse data available. 
Changes in fictive pressure in quenched melts 
The fictive pressure of a quenched melt should in principle be the same as the run 
pressure unless there are pressure drops during the quench. Unfortunately, there 
almost certainly are pressure drops during the quench. For one thing, the quenching 
process was not isobaric in these experiments. When power was cut to the furnace, 
the pressure gauge showed a drop of several kbar before the temperature read by 
the thermocouple dropped below 800 ºC. This effect was smaller at lower pressures. 
In the 200 T piston cylinder presses, no attempt was made to quench isobarically by 
manually maintaining hydraulic pressure. In contrast, the 500 T press (used for 
pressures of 4.5–6.0 GPa) and the 1200 T multi-anvil apparatus (used for pressures 
> 6 GPa) had automated systems that compensated for the pressure drop on 
quenching by applying more load. However, it is unlikely that these systems could 
respond quickly enough to avoid any drop in pressure as the sample quenched. We 
can expect the Pf of all quenched melt samples to be lower than that of the run 
pressure. 
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An added complication is that if Tf was higher, there would be less time for a drop 
in pressure on the quench before the glass transition was crossed. So if Tf increased 
with pressure, Pf might also increase with pressure. 
Changes in fictive temperature in the annealed glasses  
The issues surrounding Tf that applied to the quenched melt samples are slightly 
different when it comes to annealed glasses. Firstly, in contrast to the quenched 
melt samples, dissolved water is not expected in the annealed glasses, as discussed 
above. Therefore, the possibility that dissolved water affects the viscosity of the 
liquid and hence, the glass transition temperature, can be discounted.  
Furthermore, the effect of pressure on viscosity is not likely to affect Tf even if it still 
affects Tg. This concept is illustrated in Figure 2.13. The Tg measurement was 
performed at a given heating rate (point k), which is on a shorter timescale than the 
duration of the annealing experiments. Therefore, when an annealed glass is 
equilibrated at a temperature close to that measured for Tg, it will plot at position f 
in Figure 2.13 (same temperature, but longer timescale, so therefore above the glass 
transition curve and in the liquid regime). When this experiment is quenched, the 
glass transition will be crossed at point k, and so Tf will equal the measured Tg. If 
the viscosity increases, for example due to higher pressure, the glass transition 
(dashed curve) will still be crossed at the same temperature (e.g. for experiment f, it 
will cross the glass transition at point n and Tf will still equal Tg).  
However, unlike the quenched melts, the run temperature will alter Tf. If a lower 
run temperature is used (point g in Figure 2.13), the glass transition will be crossed 
at point i and Tf will be lower than Tg. For example, the difference in result between 
samples MA1117 and MA1121 could be explained by the difference in Tf between 
the two samples. If that were the case it would indicate that increasing temperature 
promotes an increase in average coordination number of Ge and Ga. 
All of the above holds true provided that the run conditions of the annealing 
experiments are at lower temperature than point d, the fictive temperature obtained 
from a piston cylinder quench rate. If the run temperature of the annealing 
experiment is higher than point d, the behaviour will be the same as that of the 
quenched melts. 
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Changes in fictive pressure in the annealed glasses  
In annealed glasses, Pf is expected to be closer to that of the run pressure due to a 
smaller temperature drop on the quench. While we cannot say for certain that Pf is 
the same as run pressure, it is likely to at least be higher than the Pf of the quenched 
melts. However, this statement is only valid if, at the run pressure and temperature, 
the glass structure fully relaxed and entered the metastable liquid regime (in other 
words, if the run temperature was above the glass transition temperature at that 
pressure). 
As discussed above, the effect of pressure on the viscosity of the sample, and 
therefore on the glass transition is uncertain. However, setting aside this unknown, 
we can expect that the samples made at 780 ºC are most likely to have been above 
the glass transition temperature. The Tg of the CMAS7G composition was found to 
be 777 ºC at a heating rate of 10 ºC/min. Tg was reached after heating for under 1.5 
h in the measurements, whereas in the annealed glass experiments, samples were 
held at pressure and temperature for 2 h. The longer timescale of the experiments 
compared to the Tg measurement implies that the samples should be in the liquid 
regime (e.g. at point f in Figure 2.13), unless there is a severe effect of pressure on 
the glass transition temperature. 
The samples made at 700-730 ºC show very similar results to the samples made at 
780 ºC (Figure 2.10 and Figure 2.11). This could be taken as evidence that even at 
700 ºC (80 º below the measured Tg) the samples were still exhibiting liquid-like 
behaviour. The exception to this is the sample MA1121, made at 700 ºC and 8 
GPa, which shows a smaller change compared with MA1117, which was made at 
780 ºC and the same pressure. This might indicate that pressure causes an increase 
in the glass transition temperature and that at 8 GPa, 700 ºC and two hours was not 
hot/long enough for the glass to fully relax (whereas it was hot/long enough at 4 
GPa). However, MA1121 contained ‘mottled patches’ interpreted to represent the 
onset of crystallisation, which would not occur below the glass transition 
temperature. Instead, as discussed in the last section, the difference could result 
from different Tf preserved in these samples. 
 67 
The samples made at 600 ºC all record lower coordination numbers than the 
samples made at 700–780 ºC. This can be interpreted to mean that at 600 ºC, two 
hours was not long enough for the samples to fully relax. However, all three 
samples record higher coordination numbers for both Ge and Ga than melts 
quenched at ambient pressure (and that the coordination increases systematically 
with pressure), so the samples must have partially relaxed. The glass transition 
temperature is not a single temperature but typically a range of several tens of 
degrees (Stebbins 2016). On a two-hour timescale, 600 ºC might be within the glass 
transition, allowing only a partial relaxation of the glass (e.g. at point h in Figure 
2.13).  
To summarise, the results indicate that the annealed glasses made at temperatures 
above 700 ºC were in the liquid regime during the experiment, and therefore the Pf 
they record is expected to be systematically higher than that of the quenched melts 
at the same pressure. On the other hand, the annealed glasses made at 600 ºC are 
most likely incompletely relaxed. 
Differences in coordination change between quenched melts and annealed glasses 
With all of the above considerations about fictive pressure and temperature in 
mind, we can make some observations about the results. As expected, the annealed 
glasses mostly show higher average coordination environments than the quenched 
melts at most pressures (with the exception of the samples annealed at 600 ºC, 
which is explained by their incomplete relaxation). However, it is clear that for 
both Ge and Ga, a rapid increase in coordination is apparent between 4 and 5 GPa 
in the quenched melts, whereas the annealed glasses increase their coordination 
much more steadily. This phenomenon was unexpected, but it is important to 
attempt to explain it, to interpret which behaviour would be expected in the melt at 
high pressure and temperature: a gradual change, or a rapid increase at some 
critical pressure? 
One could argue that the quench rates change in the quenched melt samples 
between the 0–4 GPa and the 4.5+ GPa samples, since they were made in a 
different apparatus. A different quench rate would lead the glass transition to occur 
at a different temperature; the T and P ‘frozen in’ would therefore differ. However, 
the assembly used was the same, so this seems unlikely. The only other difference is 
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that the apparatus used for the 4.5+ GPa experiments had an automatic system 
controlling pressure which attempted to retain run pressure during quenching. If the 
system could respond quickly enough, the 4.5+ GPa experiments might show a less 
severe pressure drop on the quench, and hence record a relatively higher Pf. 
However, this does not seem likely because pressure drops were observed on the 
quench despite the automated system, and it is probable that the pressure drops 
occurring on a local scale within the sample could not be compensated for by the 
apparatus. 
Another possibility is that the glass transition temperature might increase as a 
function of pressure. This would mean that in the quenched melts, increasing 
pressure would cause an increase in Tf and Pf (as discussed above). This could 
conceivably lead to the steepening of the slope seen in the quenched melts. The 
result would be different for annealed glasses, because Tf would not vary with 
pressure. Assessing this possibility is not easy because the effects of pressure on Tg 
are not well known. 
Another, speculative possibility is that there are five-coordinate environments that 
are more readily created or preserved in either the annealed glasses or quenched 
melts. Since XANES can only give an average coordination environment, no 
model compounds containing [5]Ge or [5]Ga were obtained, this possibility cannot 
be assessed with the present data. However NMR can give quantitative proportions 
of four-, five- and six-fold coordinated Al, which might shed some light on the 
issue.  
Finally, our understanding of how silicate melts respond to pressure predicts a slow 
initial increase in coordination, followed by a more rapid change when 
coordination changes become the dominant compression mechanism (Sakamaki et 
al. 2013; Wang et al. 2014). Furthermore, this changeover point does appear to 
occur at around 4–6 GPa in some of the compositions studied (Sakamaki et al. 
2013; Wang et al. 2014). However, if this phenomenon explains the rapid increase 
in Ge and Ga at 4–5 GPa in the quenched melts, it does not explain why a similar 
change is not observed in the annealed glasses. To summarise, the cause of the 
differences between the quenched melts and annealed glasses is unclear, but this 
will be discussed further in Chapter 3. 
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Similarity between Ge and Ga 
A second unexpected observation is that Ge and Ga show similar trends in 
coordination with pressure. Both Ge and Ga increase their coordination rapidly 
between 4 and 5 GPa in the quenched melts of CMAS7G composition, and show 
more steady increases with pressure in the annealed glasses. Since the extents of the 
coordination changes cannot be quantified, Ge and Ga cannot be directly 
compared, however the observed similarity is surprising considering that Al and Si 
change their coordination over very different pressure ranges. Al changes its 
coordination between ~1–10 GPa in these samples; but Si typically remains in 
predominantly tetrahedral coordination until about 8 GPa (Guillot and Sator 
2007). While Ge and Ga were expected to change their coordination at pressures 
lower than Si and Al, there is no evidence that Ga has become substantially more 
highly coordinated than Ge in the samples, and there is no reason to expect that 
both elements should undergo the rapid increase between 4 and 5 GPa. This raises 
the question of whether Ge and Ga might be influenced by some change in the 
major element coordination or the network structure of the glass at this pressure. 
This possibility will be assessed using NMR spectroscopy in Chapter 3. 
Effect of composition 
A third observation of note is the change in the pressure-dependence of Ge 
coordination with composition. The coordination change appears to occur at 
different rates with pressure in different compositions. The Ge coordination in 
NHPG-1 composition seems to increase the least with pressure; the fraction of the 
high-pressure component is ~0.3 at 6 GPa, whereas the CMAS7G and CMAS7A 
compositions reach the same fraction at around 4.2 and 4 GPa respectively. These 
differences could be due to the difference in polymerization of the three 
compositions: NHPG-1 is the most polymerized with NBO/T of 0.4, CMAS7G 
has an NBO/T of 0.62 and CMAS7A is the least polymerized with NBO/T of 0.7.  
It is important to keep in mind that the difference between the compositions could 
result from a different fictive temperature between the three datasets due to their 
different viscosities. If this were the reason, then it would indicate that higher 
temperatures favour lower coordination environments (because the most 
polymerised composition, NHPG-1, which would have the highest Tf, shows the 
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least change with pressure). However, this would be the opposite effect to that 
predicted based on the literature, as discussed earlier. 
Furthermore, there is some evidence from the literature that Al and Si change their 
coordination at lower pressures in less polymerized compositions, because of the 
different mechanisms for forming the higher coordinate units (Stebbins 2016). 
Mechanisms involving non-bridging oxygens, which are abundant in 
depolymerised compositions, are energetically favourable compared with 
mechanisms involving bridging-oxygens, which are abundant in polymerised 
compositions (Wolf and McMillan 1995). The results for Ge and Ga are consistent 
with this interpretation. This is important because more mafic, depolymerized 
melts are more relevant to natural melts, suggesting that the coordination changes 
of not only major elements but also trace elements could be occur in melts in the 
Earth’s upper mantle. 
2.5 Conclusions 
In this work I have demonstrated that trace elements Ge and Ga both undergo 
coordination changes in silicate melts with increasing pressure. While coordination 
changes of these cations have been observed in glasses by XAS before, this is the 
first time their behaviour has been studied as trace elements. The key results are 
that there is a striking and surprising difference between the quenched melts and 
annealed glasses, and a surprising similarity in the behaviour of Ge and Ga. 
Considering that Al and Si behave very differently, this raises the question of 
whether the major element coordination changes could be influencing the 
coordination of both trace elements. These features will be investigated further 
using NMR spectroscopy in the next chapter. The increased coordination change in 
more mafic systems suggests that these changes are important in the Earth, and 
therefore coordination changes of Ge and Ga are expected in natural melts, which 
will affect their partitioning, as will be discussed in Chapter 4. 
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Chapter 3: Relationship between trace and 
major element coordination changes in 
silicate melts: insights from nuclear magnetic 
resonance spectroscopy 
 
 
Abstract—Changes in the structure of silicate melt with pressure include the 
coordination of major elements and network connectivity. I test the hypothesis that 
these changes may influence the coordination numbers of trace cations Ge4+ and 
Ga3+, whose coordination was shown to change with pressure in Chapter 2. 
Nuclear Magnetic Resonance (NMR) spectra are acquired for all major elements, 
and Ga, in the same (or similar) samples studied in Chapter 2. The most striking 
result is a strong correlation between Al3+ coordination and Ga3+ coordination, and 
a weaker correlation between Al3+ and Ge4+ coordination. These correlations 
suggest that changes in Al coordination number may influence the coordination of 
both trace elements. This is the first evidence that trace element coordination may 
be affected by that of major elements, and further work is needed to see if this 
phenomenon extends to other trace elements, particularly those that are network 
modifiers rather than network formers. 
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3.1 Introduction 
Pressure-induced changes in the structure of silicate melts can have important 
consequences for their physical and chemical properties. Coordination changes of 
Si and Al were first proposed to potentially affect physical properties of melts by 
Waff (1975), and this has been confirmed by numerous studies since then (see Wolf 
and McMillan 1995). More recently, it has been recognized that coordination 
changes of trace elements in silicate melts could affect their partitioning behaviour, 
and coordination changes of Ni2+, Co2+ and Lu3+ have been observed (Keppler and 
Rubie 1993; Jones 2012; de Grouchy et al. 2017). In this thesis I have shown that 
Ge and Ga also undergo pressure-induced coordination changes (Chapter 2). 
A possible relationship between major element and trace element coordination 
changes has never previously been investigated, but the work presented in Chapter 
2 suggests that this is a possibility. Ge4+ and Ga3+ both show a dramatic increase in 
their average coordination number between 4 and 5 GPa in glasses quenched from 
high-pressure melts. This behaviour was unexpected, because geochemically similar 
cations Si4+ and Al3+ change their coordination over very different pressure ranges. 
Could it be, then, that a change in the major element coordination or some other 
structural change in the melt was driving an increase in both Ge4+ and Ga3+ 
coordination? 
As a thought experiment, consider Ge4+ substituting in trace quantities for Si4+ in a 
forsterite crystal. The Ge4+ substitutes on the Si4+ site and therefore takes tetrahedral 
coordination. If the forsterite (Mg2SiO4) is subjected to lower mantle pressures, it 
will undergo phase transitions to form perovskite (MgSiO3) and periclase (MgO). In 
perovskite, the Si4+ is octahedrally coordinated, and the Ge4+, which should still 
substitute for Si4+, will also be octahedrally coordinated. In minerals, therefore, the 
trace element coordination number is completely controlled by the major element 
coordination number. 
Does major element coordination control trace element coordination in melts, as 
well? In highly polymerized systems, there is evidence that it does. Majérus et al. 
(2004) studied binary GeO2–SiO2 glasses and found that coordination of Ge4+ 
changed at different pressures depending on which cation was more abundant. In a 
70% GeO2 glass, the coordination change took place over ~7 to 20 GPa, whereas in 
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a 20% GeO2 glass, the coordination change started at around 10 GPa and was 
incomplete at 26 GPa. Considering that end-member GeO2 and SiO2 glasses are 
known to change coordination numbers over different pressure ranges, Majérus et 
al. argued that the coordination changes in these glass were driven by the dominant 
cation. Simply extrapolating these results would indicate that if Ge4+ were present 
only in trace quantities, its coordination should be fully controlled by Si4+, as would 
be the case in a mineral. 
However, the glasses studied by Majérus et al. (2004) are very different to natural 
magmas. Unlike the fully polymerized GeO2–SiO2 system, natural magmas contain 
network-modifying cations such as Ca2+ and Mg2+, which introduce a lot more 
flexibility into the melt structure. Indeed, in the CMAS glasses studied in Chapter 
2, a coordination change of Ge4+ is observed at far lower pressures than would be 
expected for Si. In complex melts there are no defined “sites” on which trace 
elements must substitute, potentially allowing trace elements to change their 
coordination independently of the major elements. 
Nevertheless, this does not preclude some control on trace element coordination by 
the melt structure, even if it is not in such a direct way as in minerals and fully 
polymerised glasses. The observation that both Ge4+ and Ga3+ rapidly increase their 
coordination number at the same pressure is unexpected if they are behaving 
entirely independently. While this could be coincidence, it could also result from a 
change of some kind in the melt structure that influences both Ge and Ga. 
To investigate this, nuclear magnetic resonance (NMR) spectroscopy was used to 
study the local environments of all the major elements (Al, Si, Mg, Ca and O) in 
the same or similar samples that were studied in Chapter 2. Ga coordination was 
also investigated using NMR, to check that the variations in Ga XANES spectra 
with pressure were correctly interpreted as coordination changes. 
In quenched melt samples, a rapid increase in Al3+ average coordination number is 
found between 4 and 5 GPa, as was seen for Ge4+ and Ga3+. There is a striking 
correlation between Ga3+ and Al3+ coordination number, but the correlation 
between Al3+ and Ge4+ coordination is not as strong. This suggests that 
coordination changes of Al3+ may be influencing those of the trace cations, and that 
the influence may be stronger on Ga3+. This observation may have important 
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consequences for trace element partition coefficients, if the phenomenon extends to 
other trace cations in addition to Ge4+ and Ga3+. 
3.2 Methods 
Sample synthesis 
Most of the annealed glass samples investigated in this study were the same 
samples synthesized for XANES in Chapter 2. Only two additional annealed 
glasses were made (for experimental details, refer to Chapter 2). These were 
MA1125 (10 GPa), which was made because the 10 GPa sample made in Chapter 
2 did not yield enough material for NMR as well as XANES spectroscopy; and 
D2173 (4 GPa), which was made to test the effect of grinding the glass to a powder. 
This sample was extracted from the capsule, lightly ground in an agate mortar to 
form a powder, and then half of this powder was heavily ground for several more 
minutes. 27Al spectra of the two batches were recorded to check for any differences. 
New quenched melt samples were synthesized for this study, because the samples 
used for XANES spectroscopy had been previously embedded into epoxy. The 
CMAS7G composition was used, and most samples were doped with 3000 ppm 
Ga2O3. For the purpose of 71Ga NMR, some samples were made with a higher 
concentration of Ga. One sample, C4798, was made by adding 3.4 wt % Ga2O3 to 
the CMAS7G mixture. Two further samples, B1-101215 and uhppc-342-333, were 
made using a CMAS7G composition in which half the moles of Al were replaced 
by Ga. This was done because Ga should have the same network-forming role as 
Al in the melt, and so by replacing Al with Ga, it was hoped that the 
polymerization of the melt would be unaffected. Starting mixes were made using 
reagent grade SiO2, Al2O3, MgO, CaCO3 and Ga2O3, which were mixed thoroughly 
under acetone and then fired as a pellet at 1050 ºC in air to decarbonate. Nominal 
compositions in both weight and mole percent are given in Table 3.1. 
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Table 3.1. Nominal major element compositions of starting materials. 
 
CMAS7G CMAS7G (3.4 wt % Ga2O3) CMAS7G (11 wt % Ga2O3) 
wt % mol % wt % mol % wt % mol % 
SiO2 59.60 61.07 57.78 60.44 56.79 61.15 
Al2O3 12.57 7.59 12.19 7.51 5.99 3.80 
MgO 2.38 3.63 2.30 3.59 2.25 3.61 
CaO 25.15 27.61 24.38 27.33 23.96 27.64 
Ga2O3 0.30 0.10 3.35 1.12 11.01 3.80 
       
NBO/T*  0.616   0.574   0.620 
* NBO/T was calculated using the method described in Appendix 1 of Mills (1993). Ga2O3 was 
treated in the same way as Al2O3 for the calculation. 
 
Two samples, D1679 and uhppc-269, were made enriched in 17O. To do this, a 
CMAS7G composition mix was made using 75% 17O-enriched SiO2, Mg(OH)2 and 
Ca(OH)2, and natural abundance Al2O3. The Mg(OH)2 and Ca(OH)2 were assumed 
to be hydrated, and the mix was calculated by assuming MgO+1.1H2O and 
CaO+1.1H2O. The mix was ground under acetone for 30 minutes, pressed into a 
pellet and fired in Ar at 1100ºC for 1 h. 
Ambient-pressure glasses were made by melting the starting material in graphite 
crucibles using a box furnace. High-pressure glasses were made in a piston cylinder 
apparatus. The starting material was packed into Pt capsules; no oxygen buffer was 
included in the capsules except for C4794, which had ~30 mg of a Ru–RuO2 
mixture (20% Ru, 80% RuO2 by weight) at each end. For pressures 2.5 GPa and 
below, a 5 mm capsule was used in a standard 5/8” assembly composed of MgO, 
Pyrex, graphite and NaCl, all wrapped in Teflon foil. The 5/8” pressure vessels 
could not accommodate pressures > 2.5 GPa, so for higher pressures, a 3.5 mm 
capsule in a ½” assembly was used. To obtain sufficient material for NMR, two 
experiments were run at each pressure above 2.5 GPa and the resulting samples 
were combined. Of the two 5 GPa experiments were carried out, the first one 
(uhppc-269) was made using the 17O enriched composition. After the 17O spectra 
were recorded, this sample was then combined with the second 5 GPa sample, 
uhppc-314, which was not enriched in 17O. Sample uhppc-314 quenched after ten 
minutes due to a failure in the apparatus, but at 1650 ºC this time should be 
sufficient to have equilibrated the high-pressure melt structure. A small glass chip 
was reserved from most samples and mounted in epoxy; the remaining sample was 
crushed to a powder for NMR. 
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Table 3.2. List of samples and their experimental conditions. 
Sample P (GPa) T (ºC) Time (h) Composition 
Quenched melts 
B3-180615 1 atm 1300 15 min CMAS7G 
B3-301915 1 atm 1300 25 min CMAS7G 
C4901 0.6 1500 1 h CMAS7G 
C4799 1.0 1600 1 h CMAS7G 
D1679 1.0 1650 1 h 17O-enriched CMAS7G 
C4794 1.05 1600 30 min CMAS7G 
C4900 2.0 1600 1 h CMAS7G 
C4896 2.5 1600 1 h CMAS7G 
C4904-C4905 3.0 1600 1 h CMAS7G 
D1840-D1842 3.5 1650 30 min CMAS7G 
C4878-C4879 4.0 1650 30 min CMAS7G 
C4892-C4942 4.5 1650 30 min CMAS7G 
uhppc-269 5.0 1650 6 h 17O-enriched CMAS7G 
uhppc-269-314 5.0 1650 6 h / 10 min* CMAS7G 
Ga-enriched quenched melts 
C4798 1.0 1600 1 h CMAS7G (3.4 wt% Ga2O3) 
B1-101215 1 atm 1300 20 min CMAS7G (11 wt% Ga2O3) 
uhppc-342-333 5.0 1650 1 h CMAS7G (11 wt% Ga2O3) 
Annealed glasses 
C5232 † 2.0 600 1 h CMAS7G 
C5231 † 3.0 600 1 h CMAS7G 
C5228 † 4.0 600 1 h CMAS7G 
D2210 † 1.0 730 2 h CMAS7G 
D2212 † 1.5 730 2 h CMAS7G 
D2208 † 2.0 700 2 h CMAS7G 
D2209 † 2.5 730 2 h CMAS7G 
C5199 † 3.0 780 2 h CMAS7G 
D2125 † 3.5 780 2 h CMAS7G 
D2213 † 3.5 730 2 h CMAS7G 
D2189 † 3.5 765 2 h CMAS7G 
D2207 † 4.0 700 15 h CMAS7G 
D2173** 4.0 780 2 h CMAS7G 
MA1125 10.0 780 2 h CMAS7G 
† Samples prepared for an earlier study (Chapter 2). *The two times listed reflect the different 
run durations of two experiments that were combined to make this uhppc-269-314. **Sample 
D2173 was divided into two portions; one of which was heavily ground and the other was lightly 
ground. 
 
17O enrichment  
Four of the quenched melt samples (B3-300915, C4798, C4900, C4904-C4905) 
were enriched in 17O after they were synthesized, following an approach that has 
been previously used for 17O enrichment of ceramic materials (Fernandes et al. 
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2018). Samples were placed into a glass vial, which was evacuated and cooled in 
liquid nitrogen. 70% 17O-enriched O2 gas was introduced into the vial, and, due to 
the cold temperature, condensed inside the vial. The vial was then sealed, allowed 
to come to room temperature, and then placed in a horizontal furnace. The 
temperature was ramped at 5 ºC/min to a dwell temperature of 700 ºC. Samples 
were held at 700 ºC for 48 h before cooling at 5 ºC/min. In the heating processes, 
the 17O that had condensed in the vial exchanged with the O atoms in the sample, 
leading to 17O enrichment. 
Sample characterization 
Many of the annealed glass samples contained a small fraction of crystals, which 
were observed optically and shown by EDS to be corundum (Al2O3), as described 
in Chapter 2. Most of the quenched melt samples synthesized in this study were 
checked for the presence of crystals in two ways: (1) by inspecting the backscattered 
electron (BSE) image of reserved glass chips on a Hitachi S-4300 SE/N Field 
Emission Scanning Electron Microscope (FE-SEM), and (2) by collecting X-ray 
diffraction patterns of the powdered glasses using a STOE Transmission Powder 
Diffractometer System STADI P with a Co tube, operating at 40 kV and 30 mA. 
No evidence for crystals was found in these samples. 
Compositions of several of the CMAS7G glass chips were analysed using the FE-
SEM with an Oxford X-Max EDS detector, to confirm that the compositions was 
similar to that of the starting material. The compositions of the glasses made with 
11 wt% Ga2O3 were also measured, however, no glass chip was reserved from the 
2.5 wt% Ga2O3 glass. The beam conditions used for EDS analysis were 15 kV 
accelerating voltage, 0.600 nA and the working distance was 25 mm. A PAP matrix 
correction was used. Standards used to calibrate element concentrations were albite 
for Na and Al, MgO for Mg, sanidine for Si, diopside for Ca and gallium arsenide 
for Ga. 3 
NMR spectroscopy 
NMR spectroscopy experiments were performed on Bruker Avance III 
spectrometers equipped with widebore superconducting magnets at the University 
of St Andrews, UK (9.4 T and 14.1 T) or the UK 850 MHz Solid State NMR 
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facility, Warwick UK (20.0 T). Powdered glass samples were packed into ZrO2 
rotors and rotated at the magic angle.  
27Al MAS NMR spectra for quenched melt samples were acquired at 9.4 and 14.1 T 
(at Larmor frequencies of 104.26 and 156.41 MHz, respectively) by rotating 
samples at rates of 12 or 20 kHz in 4 mm or 3.2 mm rotors, respectively. Spectra for 
annealed glass samples were acquired by spinning samples at a rate of 40 kHz in a 
1.9 mm rotor. A short flip angle (~18º) was used with a relaxation interval of at 
least 2 s. A longer relaxation interval of 5 s was used for most of the annealed glass 
samples due to the presence of a crystalline component in some samples. Obtaining 
quantitative proportions of different coordination environments is not possible if 
relaxation intervals are not long enough (Edén 2015). Two-dimensional 27Al 
MQMAS spectra were acquired using a triple-quantum z-filtered pulse sequence 
and a relaxation interval of 1 s. Spectra were referenced to aluminium 
acetylacetonate (δiso = 0.0 ppm, CQ = 3.0 MHz, ηQ = 0.15) as a secondary reference 
relative to 1.0 M aqueous solution of Al(NO3)3 (δiso = 0 ppm). The triple-quantum 
excitation and conversion were performed under high power; single quantum 
coherence was produced with a low power pulse. The F1 spectral width was 
matched to the spinning speed. The two-dimensional spectra are presented as 
sheared spectra, plotted as contours with 32 levels at an increment of 1.2. 
29Si MAS NMR spectra were acquired at 9.4 T (at a Larmor frequency of 79.49 
MHz) by rotating samples at a rate of 14 kHz in 4 mm rotors using a conventional 
HFXY probe. Spectra were acquired using a flip angle of 45º and 120 s relaxation 
interval. Initial spectra acquired using a HX probe showed signal resulting from 
probe background. The background signal on the HFXY probe was investigated by 
acquiring a spectrum with a rotor filled with NaCl (s) rotating at a rate of 14 kHz. 
No signal was observed after the averaging of 496 transients, so spectra of all 
samples were acquired again using the HFXY probe. Three spectra were also 
acquired at 14.1 T (at a Larmor frequency of 119.24 MHz) by rotating samples in 4 
mm rotors in a HXY probe. A 90º flip angle was used with a relaxation interval of 
120–240 s. Experimental shifts are reported relative to tetramethyl silane (TMS ) 
(δiso = 0 ppm) using Octakis(trimethylsiloxy)silsesquioxane, (Q8M8) (δiso = 11.4 
ppm) as a secondary reference. 
 79 
27Al–29Si correlation spectra were acquired at 14.1 T (at Larmor frequencies of 
156.40 MHz for 27Al and 119.25 MHz for 29Si) using a D-HMQC correlation 
experiment (Gan 2007; Tricot et al. 2011; Tricot et al. 2014) and	pulse	lengths	of	1.5	μs	and	4	μs	or	3	μs	for	27Al	and	29Si,	respectively,	6.8	ms	!"4!!	dipolar	recoupling	scheme	prior	to	t1,	28	t1	increments,	a	rotor	synchronised	t1	increment	delay	of	35.7	μs	and	a relaxation interval of 1 s.	Samples were rotated at 14 or 28 
kHz in a 4 mm or 1.9 mm rotor in HXY probes. Spectra were referenced as 
described above. 
25Mg MAS NMR spectra were acquired at 9.4, 14.1 and 20.0 T (at Larmor 
frequencies of 24.48, 36.75 and 52.04 MHz, respectively). Initial spectra acquired at 
14.1 T in a 4 mm low-γ probe overlapped almost completely with a significant 
probe background, observed by acquiring a spectrum with a rotor packed with 
NaCl (s), so spectra were acquired again at 9.4 and 20.0 T using a 4 mm HX low-γ 
probe with samples rotated at a rate of 14 kHz. Spectra were acquired using a 
CPMG pulse sequence (Meiboom and Gill 1958) for signal enhancement. The 
number of echoes acquired and spikelet spacing differed between spectra and is 
listed in the figure captions. Spectra were referenced to MgO (δiso = 25 ppm, CQ = 0 
MHz) as a secondary reference with respect to 1 M MgCl2 (δiso = 0 ppm). 
43Ca MAS NMR spectra were acquired at 20.0 T (at a Larmor frequency of 57.22 
MHz) by rotating the sample at 14 kHz in a 4 mm HX low-γ probe. A double 
frequency sweep (DFS) enhancement was added before the CT selective 90° pulse 
and a relaxation interval of 1 s was used between each transient. Spectra were 
referenced to a CaCl2 saturated solution (δiso = 0 ppm).  
71Ga MAS NMR spectra were acquired at 14.1 T and 20.0 T (at Larmor frequencies 
of 183.05 and 259.36 MHz, respectively) by rotating the sample at a rate of 60 kHz 
in a 1.3 mm HX probe. Spectra were acquired using a CPMG pulse sequence, with 
a hyperbolic secant (HS) pulse added before the echo train to further improve the 
signal-to-noise ratio. Number of echoes acquired and spikelet spacing is listed in the 
figure captions. Relaxation intervals used were 3 s at 20.0 T and 2 s at 14.1 T. 
Spectra were referenced to GaPO4 (δiso = 111 ppm, CQ = 8.8 MHz, ηQ = 0.5) as a 
secondary reference with respect to Ga(NO3)3 (δiso = 0 ppm). 
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17O MAS NMR spectra were acquired at 14.1 T and 9.4 T (at Larmor frequencies 
of 81.34 MHz and 54.24 MHz, respectively) using 3.2 mm or 4 mm HX probes by 
rotating samples at rates of 20 kHz or 14 kHz. A relaxation interval of 5 s was used 
at both fields and spectra were acquired with either CT selective 90° or short flip 
angle single pulse or spin echo pulse sequence (CT selective 90° and 180°). A HS 
pulse was added prior to the spin echo pulse sequence for signal enhancement of 
gas-enriched samples. Spectra were referenced with respect to (natural abundance) 
distilled water (δiso = 0 ppm). 17O multiple MQMAS experiments were performed 
using a z-filtered pulse sequence. As for 27Al, the triple-quantum excitation and 
conversion were performed under high power, single quantum coherence was 
produced with a low power pulse, and the F1 spectral width was matched to the 
spinning speed. Spectra presented in figures are sheared. 
27Al, 25Mg and 71Ga lineshapes were fitted using the software DMFIT (Massiot et 
al. 2002) using the ‘CzSimple’ fitting function, which is based on the Czjzek 
distribution function (Czjzek et al. 1981). For the 25Al spectra, MQMAS spectra 
were fit initially to obtain CQ (the quadrupolar coupling constant) and dCSA 
(chemical shift anisotropy) parameters. These parameters were then used to fit the 
1D spectra, by adjusting the relative intensities of the peaks, with only minor 
adjustments to CQ and dCSA to get a good fit. This procedure was necessary to 
obtain quantitative proportions of the different coordination environments. 
 29Si spectra were fitted using a program written in Julia (Bezanson et al. 2017), 
which performed a fit to all spectra simultaneously using three Gaussian peaks. 
3.3 Results 
Sample characterisation 
The average composition of the high-pressure CMAS7G quenched melt samples is 
given in Table 3.3, along with the composition of Ga-enriched samples B1-101215 
and uhppc-342-333. Compositions deviated slightly from the nominal composition 
of the starting material; NBO/T values have been calculated for the actual 
compositions. The low analytical totals in the CMAS7G samples may indicate the 
presence of dissolved volatiles. 
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B1-101215 only retained ~6 wt% Ga2O3 from a nominal starting composition of 11 
wt %. This is probably due to Ga loss during synthesis, since the sample was made 
in a graphite crucible; the graphite could locally impose a low fO2 on the sample, 
increasing the volatility of Ga. 
 
Table 3.3. Compositions of glass samples from EDS analysis.  
 Average CMAS7G B1-101215 uhppc-342-333 
 wt % (n=9) mol % wt % (n=2) mol % wt % (n=4) mol % 
SiO2 57.68 (63) 62.36 (68) 60.15 (65) 63.77 (69) 59.81 (25) 63.18 (26) 
Al2O3 11.78 (10) 7.51 (6) 6.49 (9) 4.06 (6) 6.50 (17) 4.05 (11) 
MgO 2.29 (18) 3.70 (29) 2.16 (5) 3.41 (8) 2.26 (7) 3.55 (12) 
CaO 22.82 (58) 26.43 (67) 23.33 (3) 26.50 (3) 22.66 (20) 25.64 (23) 
Ga2O3 n.d. – 6.67 (34) 2.27 (11) 10.56 (34) 3.57 (12) 
Total 94.6 (11) – 98.8 (4) – 101.8 (7) – 
       
NBO/T*  0.585 (20)   0.617 (7)   0.550 (8) 
* NBO/T was calculated using the method described in Appendix 1 of Mills (1993). Ga2O3 was 
treated in the same way as Al2O3 for the calculation. Numbers in parentheses are one standard 
deviation on the last digit, and n refers to the number of analyses. 
 
Aluminium-27 
27Al NMR has been used extensively in the literature to determine proportions of 
four-, five- and six-fold coordinated Al environments in glasses quenched from 
high-pressure melts (Yarger et al. 1995; Allwardt et al. 2005c; Allwardt et al. 2007; 
Kelsey et al. 2009; Bista et al. 2015; Morizet et al. 2015). Each coordination 
environment gives rise to a distinct peak in the spectrum with an isotropic chemical 
shift of approximately 60, 25 and 0 ppm for [4]Al, [5]Al and [6]Al respectively. Note 
that for quadrupolar nuclei the resonance position is the sum of the isotropic 
chemical shift and a quadrupolar shift and δiso cannot necessarily be determined 
from the MAS lineshape alone. However, spectral acquisition at multiple fields or 
the acquisition of two-dimensional MQMAS spectra can provide accurate 
measurement of δiso.  
The spectra obtained for samples in this study show three resolved peaks which can 
attributed to [4]Al, [5]Al and [6]Al in order of decreasing shift, with the proportions 
varying as a function of pressure. Figure 3.1A shows the 27Al NMR spectrum of 
selected samples of different pressures. The ambient pressure sample contains only 
[4]Al, but the higher pressure samples also show peaks corresponding to [5]Al and 
[6]Al. The three peaks corresponding to [4]Al, [5]Al and [6]Al can also be clearly 
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resolved in two-dimensional MQMAS NMR spectra, and spectra of three samples 
of low, medium and high pressures are shown in Figure 3.1B.  
Spectra of the two batches (lightly ground and heavily ground) of D2173 look very 
similar (Figure 3.2) apart from a slight narrowing of the [5]Al peak in the heavily 
ground sample. This indicates that grinding the samples to a fine powder did not 
cause any substantial relaxation of the high-pressure structure. 
 
    A 
 
B 
 
 
Figure 3.1. (A) 27Al MAS NMR spectra (14.1 T) of selected samples: (a) B3-180615, (b) D2208, 
(c) C4900, (d) C5199, (e) C4904-C4905, (f) D2207, (g) C4878-C4879, (h) uhppc269-314, (i) 
MA1125. All spectra have been normalised to the same maximum height. (B) 27Al MQMAS 
NMR spectra (14.1 T) of selected glass samples. 
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Figure 3.2. 27Al MAS NMR spectra of D2173 (14.1 T). The two spectra are for two batches of 
this sample, which were lightly and heavily ground. Spectra are normalised to the same 
maximum height. 
 
The spectra of some of the annealed glass samples also contained a sharp peak at 
around 10–20 ppm. In the MAS spectra, this sharp peak overlaps with the [5]Al peak 
(Figure 3.3A), but it can be resolved completely in the corresponding MQMAS 
spectra (Figure 3.3B). This sharp peak likely represents the small amount of 
corundum (Al2O3) that was observed in many of the annealed glass samples. The 
isotropic chemical shift of corundum reported in the literature is 16.0 ± 0.2 
(Jakobsen et al. 1989). A similar sharp peak overlapping partly with the [5]Al peak 
was observed in synthetic basaltic glasses by Morizet et al. (2015), who also 
attributed this peak to corundum. A 29Si–27Al correlation experiment revealed no 
correlation between the 29Si spectrum and the sharp peak in the 27Al spectrum, 
indicating that the sharp peak represents an alumina phase. 
27Al spectra of Ga-enriched samples (B1-101215 and uhppc-342-333) were also 
acquired for comparison to the samples with trace levels of Ga. At ambient 
pressure, the spectrum of B1-101215 (Ga-enriched) looks the same as that of B3-
180615 (0.3 wt % Ga2O3), containing only [4]Al. However, at higher pressures, the 
Ga-enriched sample contains less [5,6]Al than the 0.3 wt% Ga2O3 sample, as shown 
in Figure 3.4. The presence of only [4]Al in the 1 atm sample, but all three 
coordination environments in the high-pressure sample is confirmed by MQMAS 
spectra (Figure 3.5). 
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Figure 3.3. 27Al MAS and MQMAS NMR spectra (14.1 T) for a sample containing a sharp peak 
with no quadrupolar coupling. 
 
 
 
Figure 3.4. 27Al MAS NMR spectra (14.1 T) of glasses containing different Ga concentrations, 
made at (A) 1 atm pressure, B3-180615 (0.3 wt% Ga2O3) and B1-101215 (7 wt% Ga2O3), and 
(B) 5 GPa, uhppc269-314 (0.3 wt% Ga2O3) and uhppc342-333 (11 wt% Ga2O3). 
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Figure 3.5. 27Al MQMAS NMR spectra (14.1 T) of samples with 11 wt% Ga: (left) B1-101215, 1 
GPa and (right) uhppc-342-333, 5 GPa. 
 
All spectra were fit using a Czjzeck distribution to model the quadrupolar 
parameters (and a Gaussian distribution of isotropic chemical shift) to determine 
proportions of four-, five- and six-fold coordinated Al sites. The sharp peak from 
corundum was also included in the fit so that it would not interfere with the results 
from the glassy environments. An example of a fitted spectrum is given in Figure 
3.6.  
 
 
Figure 3.6. Fits to the spectrum of D2213 (glass annealed at 3.5 GPa). (Left, middle panels): 
MQMAS spectra (solid lines) at two fields (9.4 T and 14.1 T), with fits to the spectra shown as 
dashed lines. (Right panel): 1D MAS spectrum recorded at 14.1 T (solid black line), with fit 
(dashed line) and fit components (solid grey lines). 
 
Fits were performed for both MAS and MQMAS spectra, and for two fields when 
the data was available. Multiple lines were used in fitting some of the [5]Al and [6]Al 
peaks in the spectra, in order to produce a good fit. What these multiple 
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contributions represent physically is uncertain (see Discussion). Table 3.4 shows 
the results of several fits to C4900 and MA1125. Fits to C4900 were performed 
using three lines and both 9.4 and 14.1 T, and an additional fit using five lines at 
14.1 T. Three lines were used to fit to MA1125 at both fields. The results are similar 
between all fits; the largest difference is 7% between the AlO5 contributions 
obtained in the fits to MA1125. The largest difference in the average coordination 
number obtained is 0.09 between the fits to C4900 at two fields. The most accurate 
results should come from the spectra collected using 14.1 T, and as many lines as 
were needed to obtain a good fit; the results from these fits are given in Table 3.5 
for each sample. Full fit parameters are listed in the supplementary material 
(section 7.5, p.207). 
 
Table 3.4. Results of the fits to 1D MAS spectra at different magnetic field strengths. 
Sample / Field % AlO4 % AlO5 % AlO6 Average CN 
C4900 / 9.4 T (3 lines) 83.4 4.3 12.4 4.30 
C4900 / 14.1 T (3 lines) 86.4 6.3 7.3 4.21 
C4900 / 14.1 T  (5 lines) 87.4 6.0 7.0 4.22 
MA1125 / 9.4 T (3 lines) 3.6 67.7 28.7 5.25 
MA1125 / 14.1 T (3 lines) 7.0 60.9 32.1 5.25 
 
The relative proportions of the four-, five- and six-fold coordinated Al 
environments vary with pressure, as shown in Figure 3.7. The proportion of [4]Al 
decreases, while those for the [5]Al and [6]Al sites systematically increase with 
pressure. The annealed glasses for the most part contain more [5]Al, but less [4]Al 
and [6]Al, than the quenched melts, such that the average Al coordination number 
for both annealed glasses and quenched melts are similar. The average coordination 
number increases with pressure differently for quenched melts and annealed 
glasses, as shown in Figure 3.8. 
The errors on the data points plotted in Figure 3.7 and Figure 3.8 cannot be 
quantified. However, an estimate can be made from the differences in results 
between fits to spectra collected at different fields (Table 3.4). As described earlier, 
the largest difference in the percentage of an AlOx species was 7%, and for the 
average coordination number, a difference of 0.09. Therefore, one could imagine 
error bars of ± 5% on each data point in Figure 3.7, and 0.1 on each data point in 
Figure 3.8 (error bars are not plotted because the true errors may be larger or 
smaller than these estimates). However, the trends observed in these data are so 
strong that adding these error bars would not affect the interpretations of this study.    
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Table 3.5. Al coordination numbers derived from fits to the spectra collected at 14.1 T. 
Sample P (GPa) T (ºC) % AlO4  % AlO5 % AlO6 Average 
Quenched melts 
B3-180615 1 atm 1300 100 0 0 4.00 
C4794 1.0 1650 93 3 4 4.11 
C4900 2.0 1600 87 6 7 4.22 
C4896 2.5 1600 78 12 10 4.32 
C4904-C4905 3.0 1600 69 10 21 4.51 
D1840-D1842 3.5 1650 62 12 26 4.63 
C4878-C4879 4.0 1650 56 19 25 4.69 
C4892-C4924 4.5 1650 42 15 43 5.01 
uhppc-269-341 5.0 1650 27 16 57 5.31 
Annealed glasses 
C5232 2.0 600 81 11 7 4.26 
C5231 3.0 600 72 18 10 4.38 
C5228 4.0 600 68 21 11 4.44 
D2210 1.0 730 89 8 3 4.14 
D2212 1.5 730 84 13 4 4.20 
D2208 2.0 700 76 16 8 4.32 
D2209 2.5 730 71 18 11 4.40 
C5199 3.0 780 58 23 19 4.61 
D2125 3.5 780 49 29 22 4.72 
D2213 3.5 730 52 25 23 4.71 
D2189 3.5 765 48 25 27 4.79 
D2207 4.0 700 44 38 19 4.75 
D2173 4.0 780 52 33 15 4.62 
MA1125 10 780 7 61 32 5.25 
For annealed glasses that contained a corundum peak, the percentages of each site were 
renormalised so that they added to 100%. 
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Figure 3.7. Plots showing how the percentage of each Al species varies with pressure. 
 
 
Figure 3.8. Average Al coordination number (CN) as a function of pressure. 
 
The average coordination number of Al is the best form for comparison to the Ge 
and Ga XANES data, because XANES spectra reflect an average of all 
coordination environments in the samples. The average coordination numbers of 
Ge, Ga and Al all increase quite rapidly in the quenched melt samples between 4 
and 5 GPa. To assess whether Al coordination changes might be affecting those of 
the trace elements Ge and Ga, the results from XANES for Ge and Ga are plotted 
for comparison with the Al coordination number in Figure 3.9. The trends observed 
with pressure are quite similar for the three elements. To assess how similar, the 
coordination of Ge vs. Al and Ga vs. Al is plotted in Figure 3.10. A strong 
correlation is observed between Ga and Al, whereas the correlation between Ge 
and Al is not as good. 
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       Germanium 
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         Aluminium 
 
Figure 3.9. Comparison of Ge, Ga and Al coordination  changes as a function of pressure in the 
composition CMAS7G. Symbols are the same as in Figure 3.7. 
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Figure 3.10. Relationship between Ge (A and B) and Ga (C and D) and Al coordination 
changes. Ge and Ga linear combination (LC) fit parameters are plotted on the vertical axis; 
these values are from LC fits between the lowest and highest pressure Ge or Ga spectra (see 
Chapter 2). The values on the vertical axis are relative only; they cannot be directly tied to a 
particular average coordination number (i.e., the maximum value of 1 reflects the average 
coordination number of the highest-pressure sample, which is probably different for Ge and Ga, 
and cannot be quantified). The average Al coordination number, which is quantified, is on the 
horizontal axis. 
 
Silicon-29 
29Si spectra collected at 9.4 T are presented in Figure 3.11A. A single broad peak is 
observed at all pressures investigated. The shape of the peak and the presence or 
absence of shoulders varies, but these variations are not systematic with pressure. 
The 4.5 and 5 GPa samples appear to be shifted by a few ppm to higher chemical 
shift compared with the lower-pressure samples.  
Four spectra collected at 14.1 T are presented in Figure 3.11B. The spectrum of the 
10 GPa sample, MA1125, is a projection of a 27Al–29Si D-HMQC correlation 
spectrum. This spectrum is significantly narrower and centred at less negative 
chemical shift. However, because it is from a correlation spectrum, it shows only Si 
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near Al, so it cannot be directly compared. A MAS NMR spectrum of this sample 
has not been acquired. 
 
    A   (9.4 T) 
 
    B    (14.1 T)
 
Figure 3.11. 29Si MAS NMR spectra recorded at (A) 9.4 T and (B) 14.1 T of samples made at 
pressures indicated. *3.5 GPa sample marked with * is an annealed glass sample (D2125). **10 
GPa sample plotted in grey (MA1125) is a projection of a 27Al-29Si D-HMQC correlation 
experiment. The dotted line plotted at –89 ppm is a guide to the eye. 
 
To better assess whether the spectral features correlate with pressure, three 
parameters were determined: the position of the peak maximum, the position of the 
centroid, and the half width at half maximum. These are tabulated in Table 3.6 and 
plotted against pressure in Figure 3.12. All correlate to some extent with pressure, 
but with some scatter. 
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Fitting the 29Si data was challenging because of the low signal-to-noise ratio in the 
spectra and the lack of clear, systematic shoulders on the peaks. A principle 
component analysis indicated that three components would describe 95% of the 
variation in the set of eleven spectra (collected at 9.4 T), and so three Gaussian 
peaks were used in fitting. All eleven spectra were fit at once in an effort to identify 
common components in the spectra. 
 
Table 3.6. Positions, centroids and half widths of 29Si peaks. 
Sample P (GPa) Field Position Centroid Half width 
B3-180615 1 atm 9.4 T -89.1 -90.0 11.4 
  14.1 T -89.2 -90.9 10.6 
C4901 0.6 9.4 T -90.7 -94.7 12.8 
C4799 1 9.4 T -92.1 -93.6 12.7 
C4900 2 9.4 T -90.5 -92.7 12.0 
C4896 2.5 9.4 T -86.7 -90.4 12.0 
C4904-C4905 3 9.4 T -87.5 -91.9 11.7 
D2125 3.5 9.4 T -87.7 -89.7 9.8 
  14.1 T -89.0 -92.6 10.9 
D1840-D1842 3.5 9.4 T -87.9 -89.1 11.1 
  14.1 T -86.7 -87.6 9.8 
C4878-C4879 4 9.4 T -89.5 -93.2 13.0 
C4892-C4924 4.5 9.4 T -87.1 -86.6 10.7 
uhppc-269-314 5 9.4 T -85.5 -84.2 9.9 
 
 
 
Figure 3.12. Features of the Si NMR peak (position, centroid and half width) plotted against 
pressure. Closed symbols are for spectra collected at 9.4 T, open symbols are for spectra 
collected at 14.1 T. 
 
A least-squares fitting algorithm was used that allowed constraints on the fit 
parameters, which were width, height and position of the three peaks. The width of 
each peak was constrained to be the same for all samples. The starting ‘guess’ for 
the width was 10 ppm, and this was allowed to vary, but a penalty was imposed on 
the model if it varied more than ± 3 ppm. Initial guesses for the positions of the 
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three peaks were –80, –91 and –109 ppm, based on literature values for 
approximate chemical shifts of Q2, Q3 and Q4 species (Smith et al. 1983), although 
the peaks may not in fact represent these species, as will be discussed. Pressure 
could affect the chemical shifts of the peaks due to changing bond angles, and 
therefore the position of each peak was not constrained to be the same between 
samples. A penalty was imposed on the model if the positions varied by more than 
± 5 ppm for Peak 1 and Peak 2 and ± 3 ppm for Peak 3. When that penalty was 
removed and the initial guess was changed, the model still converged on peaks at 
approximately the same positions. The height of each peak was constrained only to 
be non-negative. 
To assess the error on the fitted parameters, a bootstrap method was used. This 
involved randomly resampling the data and repeating the least-squares fit 1000 
times. A mean value and standard deviation could then be determined for each fit 
parameter; these are reported in Table 3.7. Standard deviations on the fit 
parameters are very small relative to the true error on the fits from the noise in the 
spectra, which has not been quantified. Fit parameters are plotted against pressure 
in Figure 3.13, and fits and their components are plotted in Figure 3.14. 
 
Table 3.7. Mean fit parameters for fits to 29Si spectra recorded at 9.4 T.  
Sample (P, GPa) Chemical shift (ppm) Height 
 Peak 1 Peak 2 Peak 3 Peak 1 Peak 2 Peak 3 
B3-180615 (1 atm) -80 -90 -109 0.04 1.03 0.08 
C4901 (0.6) -80 -91 -110 0.00 0.93 0.37 
C4799 (1.0) -80 -92 -109 0.11 0.95 0.26 
C4900 (2.0) -80 -91 -109 0.01 1.02 0.18 
C4896 (2.5) -80 -90 -109 0.01 1.04 0.11 
C4904-C4905 (3.0) -80 -90 -109 0.00 1.01 0.18 
D2125 (ann) (3.5) -80 -88 -109 0.00 0.98 0.11 
D1840-D1842 (3.5) -80 -89 -109 0.00 1.02 0.09 
C4878-C4879 (4.0) -80 -90 -109 0.00 0.98 0.30 
C4892-C4924 (4.5) -80 -87 -109 0.16 0.89 0.05 
uhppc269-314 (5.0) -79 -87 -109 0.25 0.77 0.09 
Widths of peaks are 10.8 (1), 9.83 (6) and 9.55 (6) for Peak 1, Peak 2 and Peak 3 respectively. 
The largest standard deviations on the fit parameters obtained using the bootstrap method are 
0.1 ppm for peak positions (chemical shift) and 0.01 for peak heights. Since true errors are 
likely to be much larger due to the signal-to-noise ratio of the spectra, only two significant 
figures have been reported. 
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Figure 3.13. Peak heights and positions as a function of pressure for the fits to 29Si spectra. 
Errors on the fit parameters, obtained using a bootstrap method, are smaller than the size of the 
symbols, but the true error is probably much larger given the signal-to-noise ratio of the spectra. 
 
Aluminium–silicon correlation 
27Al–29Si D-HMQC correlation spectra were acquired for several samples (Figure 
3.15). The spectra indicate that Al in all four-, five- and six-fold environments is 
correlated with the single Si peak. Spectra for B3-180615 and D1840-D1842 have 
the best signal-to-noise ratio due to larger sample volumes. In these spectra, it can 
be seen that the cross peak corresponding to [4]Al has a maximum at ~ –89 ppm in 
the 29Si dimension, whereas the [6]Al cross peak occurs at ~ –86 ppm in the 29Si 
dimension. This indicates that the [6]Al species correlates more strongly with a 
component in the 29Si spectrum that is located at less negative chemical shift. The 
spectra for samples D2125 and D2213 have lower sensitivity, but are consistent 
with this observation. The spectrum of MA1125 shows a cross peak for [6]Al, which 
is the dominant Al species, at even higher chemical shift: ~–82 ppm in the 29Si 
dimension. In this spectrum, the projection in the 29Si dimension is also at higher 
chemical shift and narrower than in other samples (as also shown in Figure 3.11)  
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Figure 3.14. Fits (green) to the 29Si spectra collected at 9.4 T (black). Individual components are 
shown as thin coloured lines, offset below the spectra for clarity. Peak 1 = red, Peak 2 = blue, 
Peak 3 = yellow. 
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Figure 3.15. 27Al-29Si D-HMQC correlation spectra. (A) B3-180615, 1 atm, (B) D1840-D1842, 
3.5 GPa, (C) D2125, 3.5 GPa, (D) D2213, 3.5 GPa, (E) MA1125, 10 GPa. The latter three 
spectra are very noisy due to the small sample volume. 
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Magnesium-25 
25Mg spectra took a long time to acquire (~1-2 days for each spectrum) due to the 
low concentration of Mg in the samples (~3.6 mol% MgO) and the experimental 
challenges of studying quadrupolar nuclei with low γ. Thus, even using a CMPG 
pulse sequence, the signal-to-noise ratio is low. Spectra display a broad peak with 
an isotropic chemical shift of ~45 ppm (see Figure 3.16). Fits to spectra of B3-
180615 acquired at 9.4 T and 20.0 T are shown in Figure 3.17. 
 
 
Figure 3.16. 25Mg MAS NMR spectra collected at (A) 9.4 T and (B) 20.0 T, for samples B3-
180615 (1 atm), C4900 (2.0 GPa), C4896 (2.5 GPa), and C4892-C4924 (4.5 GPa). Spectra 
have been normalised to constant height. Spikelet spacing is 1400 Hz in (A) and 500 Hz in (B). 
The number of echoes acquired was 150 in all spectra except for C4896, for which only 50 
echoes were acquired. 
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Figure 3.17. Fits to 25Mg spectra of B3-180615 at two fields. Fit parameters at both fields are 
δiso = 45 ppm, dCSA (distribution of isotropic chemical shift) = 10, CQ = 3.5 MHz. 
 
Calcium-43 
A single 43Ca spectrum was acquired for the ambient-pressure glass sample (B3-
180615) at 20.0 T. The spectrum has very poor sensitivity, but shows a peak centred 
at around ~0 ppm (Figure 3.18). A spectrum was also attempted for a high-pressure 
sample, but due to the small sample volume, a signal was not seen in the time 
available. 
 
 
Figure 3.18. 43Ca MAS NMR spectrum of B3-180615. 
 
Oxygen-17 
17O spectra obtained from two 17O-enriched samples (prepared at 1 atm and 5 GPa) 
are presented in Figure 3.19 and Figure 3.20 along with corresponding fits. Two 
peaks are observed in the ambient pressure sample, corresponding to bridging 
oxygens (BO, at ~ −40 ppm) and non-bridging oxygens (NBO, ~ −100 ppm). In the 
high-pressure sample, additional intensity is observed between the BO and NBO 
peaks, in both 1D and 2D, which could represent an additional contribution to the 
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spectrum. This would be consistent with previous 17O work on high-pressure glasses 
(Lee et al. 2004; Allwardt et al. 2005b; Lee et al. 2012). As such, in Figure 3.20, a 
third small peak was used in fitting the spectrum. However, as shown in Figure 
3.21, it is not possible to say that the third peak results in a better fit to the data, due 
to the noise in the spectrum. 
 
 
Figure 3.19. 17O NMR spectra of D1679 (1 GPa) collected at 14.1 T. 
 
 
Figure 3.20. 17O NMR spectra of uhppc-269 (5 GPa) collected at 14.1 T.  
 
Spectra of samples that were enriched in 17O using post-synthetic gas-exchange are 
shown in Figure 3.22. All spectra show the two peaks for NBO and BO, but no 
evidence of additional intensity between those peaks. 
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Figure 3.21. 17O NMR spectrum of uhppc-269 (5 GPa), and model with three peaks (left) and 
two peaks (right). Residuals are shown as the lower black curves, with a grey horizontal line as 
a guide to the eye. 
 
 
Figure 3.22. 17O NMR spectra of samples B3-300915 (0 GPa), C4798 (1 GPa), C4900 (2 GPa) 
and C4904-C4905 (3 GPa) after 17O enrichment via the gas-exchange method. 
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Gallium-71 
71Ga spectra of the Ga-enriched samples at two fields are shown in Figure 3.23. At 
14.1 T, the spectra overlap with spinning sidebands; at 20.0 T the quadrupolar 
broadening is reduced, the spectral lineshapes are narrower and the overlap is less 
noticeable, but the signal-to-noise ratio is lower. The spectra are shown expanded 
in Figure 3.24. The lineshape for the 1 atm sample (B1-101215) can be fitted well 
with a single peak that has δiso ~ 160 ppm (fit parameters are given in Table 3.8). 
However, the same fit parameters cannot be used for the spectra collected at both 
14.1 T and 20.0 T, as shown in Figure 3.24 (dashed curve). The sample made at 
5GPa (uhppc-333) clearly contains more intensity at more negative chemical shift. 
This additional intensity reflects at least one, and probably two, other 
environments. However, robust fitting of these additional peaks is not possible due 
to their significant overlap and low signal-to-noise ratio.  
 
 
Figure 3.23. 71Ga MAS NMR spectra of samples B1-101215 (1 atm) and uhppc-342-333 (5 
GPa) at two fields. (A) Spectra collected at 14.1 T, using 300 and 100 echoes for samples B1-
101215 and uhppc-342-333 respectively, with a spikelet spacing of 2000 Hz. (B) Spectra 
collected at 20.0 T, using 400 echoes. Spikelet spacing is 1500 Hz for B1-101215 and 1200 Hz 
for uhppc-342-333.  
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Figure 3.24. Close up of the same 71Ga spectra shown in Figure 3.23, along with fitted curves. 
In (A), dashed curve is a fit using the same parameters as the fit to the 20.0 T spectrum. Solid 
curve is a better fit to the data with lower dCSA and CQ (see Table 3.8). 
 
Spectra of the samples with lower Ga concentration (Figure 3.25) have much lower 
signal-to-noise ratios. However, the spectra of the low-pressure (1 atm and 1 GPa) 
samples can be fitted reasonably well using the parameters listed in Table 3.8, 
whereas the spectrum of uhppc-269-314 (0.3 wt% Ga2O3, 5 GPa) is centred at lower 
chemical shift. This agrees qualitatively with the results obtained for the 11 wt% 
Ga2O3 samples. 
 
Table 3.8. 71Ga fit parameters for sample B1-101215 at different fields.  
 Field δiso (ppm) dCSA (ppm) CQ (MHz) 
14.1 T 159.6 0 12.4 
20.0 T 163.6 25 13.6 
dCSA is the chemical shift anisotropy; CQ is the quadrupolar coupling constant. 
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Figure 3.25. 71Ga spectra recorded at (A) 14.1 T and (B) 20.0 T of samples containing lower Ga 
concentrations. The spectra are for samples B3-180615 (1 atm, 0.3 wt% Ga), C4794 (1 GPa, 
2.5 wt% Ga) and uhppc-269-314 (5 GPa, 0.3 wt% Ga). 400 echoes were used in acquisition of 
all spectra except for the spectrum of C4974 at 20.0 T, for which 100 echoes was used. 
Spikelet spacing in (A) is 1833 Hz for B3-180615 and C4794, and 1857 Hz for uhppc-269-314; 
spikelet spacing in (B) is 1500 Hz for both spectra. 
 
3.4 Discussion 
Aluminium-27 
Al environments in the samples 
The 27Al spectra indicate that the high-pressure samples contain Al in four-, five- 
and six-fold coordination environments, and, in some samples, a corundum 
environment. In many samples, multiple types of [5]Al and [6]Al sites appear to be 
present. In some samples, two peaks were used in fitting both [5]Al and [6]Al sites 
(excluding the corundum peak). Only one peak was needed to fit the [4]Al site. A 
clear example of this can be seen in Figure 3.1, in the 5 GPa spectrum. This is a 
quenched melt sample, so no corundum is present; there are two contributions to 
the [5]Al peak, and probably two contributions to the [6]Al peak as well. The multiple 
sites are also observed in the 27Al–29Si correlation spectra.  
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What do these multiple five- and six-fold Al environments represent, physically? 
They could represent pentahedral or octahedral units with different distortions. 
Alternatively, by analogy with Si Q-species, perhaps they represent higher-
coordinated Al sites with different numbers of non-bridging oxygens. Since they are 
observed in the 27Al–29Si correlation spectra, they may also represent Al species 
next to different types of Si Qn species. 
Differences between quenched melts and annealed glasses 
The differences between quenched melts and annealed glasses are very interesting. 
At a given pressure, the annealed glasses systematically contain more [5]Al and less 
[4]Al than the quenched melt samples.  
The reason that annealed glasses contain more [5]Al is uncertain. It could be that 
more [5]Al is preserved in these samples, whereas it more readily converts to [4]Al on 
quenching in the quenched melts. Alternatively, it is possible that more [5]Al is 
created in the annealed glasses compared to the quenched melts. However, this 
does not agree with previous work showing that higher fictive temperatures favour 
more [5]Al (Stebbins et al. 2008; Morin and Stebbins 2016). The Tf of the annealed 
glasses is probably close to Tg, whereas the Tf of quenched melts cannot be 
quantified but could be higher than Tg. Thus it would be expected that more [5]Al 
would be created in the quenched melts than the annealed glasses, whereas the 
opposite is observed. Therefore, better preservation of [5]Al in annealed glasses is 
the preferred interpretation. 
However, this does not necessarily mean that annealed glasses simply record a 
higher fictive pressure, as proposed by Gaudio et al. (2015a) for albite glass. These 
authors showed that quenched melts recorded a lower fictive pressure than 
annealed glasses, and accordingly had a lower density and a lower Al coordination 
number. When this was corrected for, the two types of samples showed a consistent 
trend with pressure. However, the data presented in this thesis show a rapid 
increase in average Al, Ge and Ga coordination between 4 and 5 GPa in quenched 
melt samples, whereas annealed glasses do not show such a rapid increase at any 
pressure. If the only difference between these sample sets was fictive pressure, then 
a similar pressure-dependence of coordination should be seen, just shifted to 
different pressures. Even if the difference in fictive pressure was greater at higher 
pressures, this should cause exaggeration of the trend seen in the quenched melts. 
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However, no such trend is seen in the annealed glasses. The reason for this is 
unclear. 
Glasses annealed at 600 ºC show lower average Al coordination numbers, as well 
as lower Ga and Ge coordination numbers, than glasses annealed at higher 
temperatures. The difference between samples annealed at 600 ºC and at ≥700 ºC 
increases at higher pressures. This is likely to be because the 600 ºC samples did not 
fully equilibrate to the high-pressure structure during the timescale of the 
experiment. Østergaard et al. (2015) studied sodium borosilicate glass at 1 GPa, 
and showed that when the glass was compressed at temperatures more than 0.7 Tg, 
at least some permanent densification occurred, with the amount of densification 
becoming constant above Tg. The samples annealed at 600 ºC, (0.77 Tg) would 
therefore be expected to be incompletely densified compared to samples annealed 
above 700 ºC (0.90 Tg) or at 780 ºC (~ Tg), in agreement with the observations. 
Effect of high Ga content 
Another interesting phenomenon is how the Al coordination changes depend on 
the Ga content of the melt. At 5 GPa, the sample that was enriched in Ga contains 
less higher-coordinate Al than the sample containing only 3000 ppm Ga. This 
could be because Ga increases its coordination more readily than Al, and so in the 
Ga-enriched sample, more of the compression is accommodated by Ga 
coordination changes before Al begins to change its coordination.  
Comparison to literature data 
Figure 3.26 and Figure 3.27 show the Al coordination numbers obtained in this 
study plotted along with data obtained in by 27Al MAS NMR in previous work on 
similar compositions (CAS and basaltic compositions). The effect of pressure on Al 
coordination in these literature studies is generally similar to that presented in this 
study, however, there are some notable differences. Firstly, the amount of [6]Al in 
the quenched melts at 5 GPa is almost double than what has been seen before in the 
literature, and this increase is reflected in the larger average coordination (Figure 
3.27). Secondly, the average Al coordination number of the 10 GPa annealed glass 
sample is identical to that in a glass quenched from 10 GPa in the study of Allwardt 
et al. (2005c), but the contributions to that average from individual coordination 
environments are quite different. The sample in the present study contains less [4]Al  
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and less [6]Al but far more [5]Al. Thirdly, the difference between average 
coordination numbers in quenched melts and annealed glasses obtained in this 
study is not as large as the difference observed by Bista et al. (2015).  
 
 
Figure 3.26. Comparison of Al coordination environments in the literature to those determined in 
this study. M 15 = (Morizet et al. 2015), B 15 (Bista et al. 2015), where A refers to annealed and 
Q refers to quenched, A 05a (Allwardt et al. 2005c), A 05c (Allwardt et al. 2005b). Grey symbols 
are data from this study; squares are quenched melts and circles are annealed glasses, as 
plotted earlier in Figure 3.7.  
 
Figure 3.27. Comparison of average Al coordination number as a function of pressure in this 
study to similar compositions in the literature. 
 
It is possible that some of these difference result from different flip angles and 
relaxation intervals used in previous work. Spectra presented in this study were 
acquired with an 18º flip angle and at least 2 s relaxation interval, whereas spectra 
obtained by Allwardt et al. (2005c; 2005b) and Bista et al. (2015) were acquired 
using a longer flip angle of 30º and shorter relaxation interval (0.1–0.2 s). The 
spectra of Morizet et al. (2015), were acquired with 13.8º flip angle and 1 s 
relaxation interval, so are more likely to be quantitative. Considering the difficulty 
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in obtaining quantitative spectra from quadrupolar nuclei, the results presented in 
this thesis are reasonably consistent with previous work.  
One final point to note regarding the Al data is that the average coordination 
recorded in the 10 GPa annealed glass is a little less than that recorded in the 5 GPa 
quenched melt sample. This could be because of the difference in decompression 
rates. The 10 GPa sample is the only data point for Al made in a multi-anvil 
apparatus, and it was temperature-quenched isobarically but then decompressed at 
room temperature overnight. Allwardt et al. (2005c; 2005b) showed that there was 
a difference between Al coordination in samples which were decompressed either 
rapidly (over ~ 1s) or slowly, over ~ 14 h. The rapidly-decompressed samples had a 
higher average coordination number of Al than the slowly-decompressed samples, 
indicating that some structural relaxation occurred during slow decompression. The 
10 GPa sample made in this study was decompressed slowly, so it is possible that 
this sample reflects lower average coordination numbers than it otherwise would.  
Silicon-29 and the aluminium–silicon correlation spectra 
The 27Al–29Si correlation spectra provide a critical piece of information for 
interpreting the 1D 29Si spectra. As shown in Figure 3.15, the [4]Al peak correlates 
with a component in the Si spectrum at around –90 ppm, but the [6]Al peak 
correlates with a component in the Si spectrum at higher chemical shift (~–86 to –
82 ppm). This is expected because the longer bonds associated with [5,6]Al units will 
cause deshielding of the Si species to which they are bonded. This deshielding has 
been shown previously for 29Si NMR spectra of minerals and high-pressure glasses 
where the presence of [5,6]Si cause the [4]Si signal to move to higher chemical shift 
(Stebbins and Kanzaki 1991; Xue et al. 1991). 
Figure 3.12 shows that in the 29Si spectra, the centroid moves to higher chemical 
shift with pressure and the width of the peak decreases. The shift in the centroid 
most likely reflects an increase in the number of higher-coordinate Al environments 
bonding with Si, which, as discussed, produce a signal at higher chemical shift. The 
narrowing of the peak is more difficult to explain but may indicate that a [4]Si–[5,6]Al 
species produces a narrower signal. Alternatively, it may indicate a decrease in the 
distribution of Qn species. 
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Fits of 29Si the spectral lineshapes indicate two dominant components for samples 
prepared at pressures at and below 4 GPa, with a third component (Peak 1) 
becoming important at higher pressures. Peak 1 is at ~ 80 ppm and probably 
reflects Si bonded to higher-coordinate Al, as discussed above. The positions of 
Peak 2 and Peak 3 are consistent with Q3 and Q4 species (Smith et al. 1983; Magi et 
al. 1984), which is reasonable given that these two species are expected to be 
dominant in a composition with NBO/T ~ 0.6. 
However, these peak assignments should be treated with great caution, because 
there may be many overlapping peaks within the signals. Q3 may disproportionate 
to form Q4 + Q2 (Stebbins 1987), and the chemical shift of Q2 is similar to that of 
Peak 1. Furthermore, each Qn species may have different numbers of Al neighbours 
which also affects its chemical shift (by about 5 ppm for each additional Al 
neighbour) (Smith et al. 1983; Magi et al. 1984), meaning that the overall Q4 and Q3 
signals may not be Gaussian. The fits therefore do not provide any reliable 
information on their own, but they are consistent with the other observations that 
indicate that the changes in the Si can spectra can be mainly attributed to Al 
coordination changes. 
Magnesium-25 
Fits to the 25Mg spectra give δiso ~ 45 ppm, which is consistent with Mg in four-fold 
coordination. Spectra of minerals containing [4]Mg give isotropic chemical shifts of 
47–61 ppm, whereas [6]Mg environments typically have shifts of ~ –3 to 14 ppm 
(MacKenzie and Meinhold 1994; Dupree et al. 1997; Kroeker and Stebbins 2000; 
Shimoda et al. 2007).  
Mg is a network modifier (and/or charge compensator) in these glasses and does 
not form part of the tetrahedral network, yet it still seems to occupy tetrahedral 
coordination. This is consistent with results of O’Neill and Berry (2006), who 
suggested that Mg2+ (along with Mn2+, Fe2+, Ni2+, Co2+) occupies a tetrahedral 
coordination environment in a suite of 31 CMAS, CAS and MAS compositions, 
(including CMAS7G), on the basis of constant activity coefficient ratios between 
the cations.  
The data presented in this work show no change in the 25Mg spectra with pressure 
up to 4.5 GPa. It should be noted, however, that it is possible that the signal from a 
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[6]Mg in these glasses might be unobservable due to a large quadrupolar broadening. 
There is no evidence to support or contradict this possibility. As pointed out by 
Shimoda (2007), primitive magmas in the mantle are Mg-rich, so if Mg does 
undergo pressure induced coordination changes, this could have important 
consequences for the properties of the melt. 
Calcium-43 
A very weak signal was obtained in a 43Ca NMR spectrum of B3-180615, centred at 
around ~0 ppm. Previous 43Ca NMR studies on silicate glasses have shown that the 
position of the peak shifts depending on the role calcium plays as either a network 
modifier, charge compensator, or a mixture of both (Angeli et al. 2007; Gambuzzi 
et al. 2015). A peak centred at around 0 ppm was shown for the glass in which 
calcium was both network former and charge compensator, and using a 
combination of MQMAS NMR and molecular dynamic modelling, Gambuzzi et 
al. (2015) showed that a distribution of [5]Ca, [6]Ca and [7]Ca sites with a minor 
contribution (2%) from [4]Ca sites were present. A distribution of Ca coordination 
numbers is therefore expected in the ambient-pressure glass studied here. This 
distribution might shift with pressure, but no data has been obtained for higher-
pressure samples. 
Oxygen-17 
17O spectra contained two peaks, which were assigned as NBO and BO by 
comparison to previous work (e.g. Allwardt et al. 2005b; Stebbins et al. 2008). The 
BO peak is larger than the NBO peak, consistent with what is expected of the 
composition which has NBO/T ~ 0.6, so each tetrahedral unit has, on average, 3.4 
BO and 0.6 NBO (i.e. 85% BO). This agrees reasonably well with fits to the spectra 
indicating 79% BO (see supplementary material, section 7.6, p. 209). 
Additional intensity may be present between the BO and NBO peaks in the 
spectrum of the 5 GPa sample (uhppc-269). Such intensity has been observed in 
previous work in both MAS and MQMAS 17O spectra, and attributed to oxygen 
bonding between [4]Si and [5,6]Al (Lee et al. 2004; Allwardt et al. 2005c; Lee et al. 
2012). However, as shown in Figure 3.21, whether this peak exists in the data 
presented here is not clear. Further work would be needed to get spectra with 
higher signal-to-noise ratios in order to resolve this. 
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No additional intensity was observed between the BO and NBO peaks at 1, 2 or 3 
GPa in samples that were enriched in 17O by a gas-exchange method. However, the 
enrichment method required the glass to be annealed at 700 ºC for 48 h, and this 
may have caused the high-pressure structures in the glass to relax. Samples 
annealed at high pressures at 700 ºC preserve the high-coordinate Al environments 
after annealing for just 2 h, so it is reasonable to assume that the during ambient-
pressure annealing the high-pressure structures in the glass would relax. 
Unfortunately, 17O enrichment was not successful when the samples were annealed 
at lower temperatures. 
Gallium-71 
71Ga NMR spectra have not previously been recorded in silicate glasses, however 
the positions of the peaks corresponding to different coordination environments are 
known from spectra of gallium oxide (Massiot et al. 1995), gallosilicate zeolite 
minerals (Timken and Oldfield 1987; Bayense et al. 1992), and glasses in the Na2O-
Ga2O3-P2O5 system (Belkebir et al. 2000; Caron et al. 2014; Ren and Eckert 2014). 
Spectra of the ambient-pressure sample B1-101215 were collected at two fields and 
fits were made for both fields; however, the same parameters could not be used for 
both fits. I am not sure why this is, but I can speculate. If there are small 
contributions of [5]Ga and maybe even [6]Ga in the ambient-pressure sample, these 
peaks might cause a broadening of the line shape. This could also explain why the 
CQ obtained from these fits is quite high, especially compared to some literature 
data which suggest CQ around 6–8 for [4]Ga, [5]Ga and [6]Ga in sodium gallate 
glasses (Ren and Eckert 2014). 
However, it is still reasonable to assume that in the B1-101215 the dominant 
contribution is from [4]Ga, because the δiso values obtained from fitting (~160 ppm) 
agree broadly with literature values of 120 ppm in glass (Ren and Eckert 2014) and 
200 ppm in β-Ga2O3 (Massiot et al. 1995). In the high-pressure sample (uhppc-342-
333), the highest intensity in the 71Ga spectra is at lower chemical shift to the low-
pressure samples, probably indicating a contribution of higher coordination 
environments. In Figure 3.24B, the additional intensity appears to display two 
peaks, one centred at around 45 ppm and the other at around –10 ppm. These 
peaks overlap significantly, which makes resolving the two peaks difficult. 
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However, their positions are reasonably consistent with the chemical shifts 
observed in the literature for [5]Ga (20-43 ppm) and [6]Ga  (–24 to –70 ppm) in 
Na2O-Ga2O3-P2O5 glasses (Belkebir et al. 2000; Caron et al. 2014; Ren and Eckert 
2014). Therefore, the 71Ga spectra acquired in this study indicate that Ga is 
predominantly four-fold coordinated at low pressure, but contains four, five and 
six-fold coordinated species at 5 GPa, consistent with the results from XANES 
spectroscopy.  
Relationships between Al and trace elements 
Similarities are seen in the pressure-dependence of coordination number for Al, Ga 
and Ge. In quenched melts, all three elements show a rapid increase in average 
coordination between 4 and 5 GPa, whereas the coordination increases more 
steadily with pressure in annealed glasses. In particular, the correlation between Al 
and Ga coordination is striking (Figure 3.10C, D), and considering that the 
correlation is seen in both annealed glasses and quenched melts, it is unlikely to be 
simply a coincidence. However, what this correlation represents is ambiguous. 
One possibility is that Ga is ‘forced’ to change its coordination at exactly the same 
pressures as Al does, analogous to how trace Ga substituting into an aluminous 
mineral would take the coordination of the Al site. With the information available, 
this cannot be ruled out. Certainly the same cannot be said for Ge and Si, since Ge 
coordination changes were observed at pressures well below where Si would be 
expected to change its coordination. Since Ge changes its coordination at much 
lower pressures than Si, it would be reasonable to expect that the Ga changes its 
coordination at lower pressures than Al. Even if Ga coordination is influenced by 
Al coordination changes, it is probably not constrained to behave in exactly the 
same way. 
An alternative explanation is that since Ga plays a similar role in the melt structure 
to Al, its coordination changes in a similar way to Al (albeit, perhaps, at lower 
pressures). In this scenario, trace elements behave completely independently of the 
major elements in the melt, and the correlation between Al and Ga results simply 
from their similarity. However, this scenario cannot explain the observation of a 
rapid coordination change of Ge at the same pressures as Al and Ga (in quenched 
melts at 4–5 GPa), unless it was simply coincidence.  
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The preferred interpretation of these data is that Al coordination changes do have 
some influence on, but not complete control over, Ge and Ga coordination. 
Whether this extends to other trace elements—particularly elements that are 
network modifiers rather than network formers—would be an interesting area for 
future work.  
3.5 Conclusion 
A study of the local environments of all major elements in CMAS7G composition 
glasses compressed to 10 GPa has been undertaken. Aluminium changes its 
coordination from predominantly four-fold at 1 atm to predominantly five- and six-
fold at 10 GPa. Silicon spectra show no evidence for coordination changes, but the 
[4]Si signal shifted to higher chemical shift and became narrower with pressure, 
most likely related to the formation of higher-coordinate Al. Magnesium spectra are 
consistent with four-fold coordination and no changes were seen with pressure up 
to 4.5 GPa. A single 43Ca spectrum is consistent with a distribution of coordination 
environments. Ga is predominantly tetrahedrally coordinated at ambient pressure 
and contains four, five and six-fold coordination environments at 5 GPa.  
Changes in the Al coordination number with pressure correlate well with Ga 
coordination, and also to some degree with Ge coordination, which indicates that 
Al may influence the coordination number of these trace elements. Further work is 
needed to assess whether this influence would extend to other trace elements. 
If a trace element undergoes a coordination change, this should affect its partition 
coefficient, because of the reduction in partial molar volume of the melt species. If 
the major elements in the melt, such as Al, undergo coordination changes, this may 
also affect trace element partitioning by changing the activity coefficient of the trace 
element in the melt. If a model could be developed to predict how coordination 
changes of trace and major elements might affect trace element partitioning, this 
would be a very useful tool in geochemistry. This is discussed in the next chapter. 
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Chapter 4:  Pressure effect on partitioning of 
Ge4+ between olivine and silicate melt 
 
 
Abstract—I test the hypothesis that the olivine–melt partitioning of Ge4+ is affected 
by the coordination changes of Ge4+ and/or Al3+ in silicate melts with pressure. 
Olivine–melt partitioning experiments were conducted over a pressure range from 
0.5 to 4.5 GPa. The experiments were buffered at high oxygen fugacity to ensure 
only Ge4+ (and not Ge2+) was present. From 0.5 to 4.5 GPa, the Ge–Si distribution 
coefficient decreases by about two log units. The decrease with pressure is not as 
steep as previous studies have suggested. However, the oxygen fugacity in these 
previous experiments was not buffered, and therefore the data may reflect a mixture 
of Ge4+ and Ge2+. A thermodynamic treatment of the effect of pressure on the 
partitioning of Ge4+ indicates that the Ge–Si distribution coefficient is expected to 
increase with pressure, whereas the data show the opposite. To model how the 
coordination changes of Ge4+ and/or Al3+ affect the partition coefficients will 
require a new form of an equation of state. Such a model has great potential for 
understanding how pressure affects trace element partitioning in general. 
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4.1 Introduction 
In Chapter 2, it was shown that Ge4+ changes its coordination with pressure in 
silicate melts. In this chapter, I determine the partitioning behaviour of Ge4+ as a 
function of pressure, to investigate how the partitioning is influenced by the 
changing coordination of Ge, and possibly Al, with pressure.  
I chose to investigate olivine–melt partitioning, because olivine has a well-defined 
structure, with a well-defined thermal expansion and compressibility. Therefore, 
changes in olivine–melt partitioning can be more easily interpreted in terms of their 
relationship to structural changes in the melt phase. 
The olivine–melt partitioning behaviour of Ge4+ was first studied by Capobianco 
and Watson (1982). These authors showed that Ge4+ partitioning at ambient 
pressure had a weak dependence on temperature and SiO2 content of the silicate 
melt. They also report the results of one experiment at 2 GPa, which had a lower 
partition coefficient than the ambient pressure experiments. 
The change in partitioning with pressure can, in principle, be predicted from 
thermodynamic data for components in the exchange reaction: 
 Mg2SiO4Fo+ GeO2melt⇋Mg2GeO4Fo+ SiO2melt 
Equation 4.1 
  
where the superscripts indicate the phase (Fo = forsterite). The distribution 
coefficient for this reaction is the ratio of Ge and Si partition coefficients: 
!!!"!!"!"!!!!" = !!"!"!!"#$!!"!"!!"#$ = !!"!" !!"!"#$!!"!" !!"!"#$  
Equation 4.2 
  
where D is the partition coefficient, KD is the distribution coefficient, and X 
indicates mole fraction. When KD is related to the equilibrium constant for the 
reaction, Keq, the change of KD with pressure at constant temperature depends only 
on the volume change of the reaction (ΔrV), if it is assumed that the volumes of 
 117 
each component, as well as activity coefficients are independent of pressure. The 
change of KD with pressure can then be defined as: 
ln!! !! =  ln!! !! − 1!"  ∆!!!,!!"# !! − !!  
Equation 4.3 
 
where T is temperature, P is pressure and R is the ideal gas constant. 
Capobianco and Watson (1982) collated data for molar volumes of the components 
in the exchange reaction, from which it can be shown that ΔrV is negative; the 
volume term in Equation 4.3 is therefore positive and lnKD should increase with 
pressure. However, Capobianco and Watson neglected the negative in front of the 
volume term, leading them to erroneously state that the observed decrease in KD 
was consistent with what was predicted from the volume change of reaction. In 
fact, the predicted change is opposite to the change they observed. 
There have been no systematic studies of Ge partitioning with pressure. Besides 
Capobianco and Watson, only four other studies have reported olivine–melt 
partition coefficients for Ge at high pressures, and many of these data points have 
large error bars (Adam and Green 2006; Imai et al. 2012; Davis et al. 2013; Le 
Roux et al. 2015). However, these data all show a decrease with higher pressures 
and temperatures, consistent with the single data point from Capobianco and 
Watson at 2 GPa. 
All of these experiments were conducted in graphite capsules. The experiments are 
therefore at relatively low, and unbuffered fO2 conditions, leading to the possibility 
of Ge2+ forming. As shown in Chapter 5, Ge2+ is highly incompatible. 
In this chapter, I conduct a systematic study of Ge4+ partitioning between olivine 
and melt at a range of pressures (0.5–4.5 GPa) and temperatures (1320–1650 ºC). 
The experiments are done in piston-cylinder apparatuses in platinum capsules, 
buffered at high oxygen fugacity to ensure only Ge4+ is present. I will also present a 
more detailed attempt at predicting the change in partitioning with pressure based 
on the volume change of the reaction. The fact that this cannot reproduce the 
observed data indicates that (a) Ge is likely to be undergoing a coordination change 
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in the silicate melt, and (b) any predictive model for partition coefficients with 
pressure needs to account for structural changes in the melt phase. 
4.2 Methods 
Sample synthesis 
Samples were prepared from three starting compositions, named ‘CMAS40’, ‘W98’ 
and ‘W98+Fo’. W98 is loosely based on a melt composition from Walter (1998). 
Nominal compositions of the starting materials are listed in Table 4.1. These 
starting materials were synthesised from reagent grade SiO2, Al2O3, MgO, and TiO2 
(all dried at 1000 °C), Na2CO3, K2CO3 and Ca3(PO4)2 (all dried at 200 °C), and 
CaCO3, Fe2O3, (which were not dried prior to weighing). Trace elements Ge, Ni, 
Co, Mn, V, Sc, Y and Cr were added as oxides. These reagents were mixed under 
acetone under an agate mortar, and dried as a powder at 110°C. The mix was then 
pelletised and decarbonated by firing in air at 1050 °C.  
 
Table 4.1. Nominal starting compositions. 
 
CMAS40** W98 W98+Fo 
Major elements (wt%) 
SiO2 47.79 40.21 40.34 
Al2O3 6.59 6.20 5.64 
MgO 40.81 20.49 23.31 
CaO 3.15 8.00 7.28 
FeO* 
 
11.59 11.13 
TiO2 
 
4.50 4.09 
Na2O 
 
3.50 3.19 
K2O 
 
3.50 3.19 
P2O5 
 
0.90 0.82 
Trace elements (ppm) 
GeO2 4617 5160 4697 
NiO 
 
1020 928 
CoO 
 
989 901 
MnO 
 
1060 965 
V2O5* 1238 520 473 
Sc2O3 295 240 218 
Y2O3 10511 1080 983 
Cr2O3 
 
940 856 
*Of the CMAS40 samples, only C4444, D2413, D2374 and C5299 contained V2O5. 
 
To reduce the iron in W98 compositions, the pellet was fired again at 1000 ºC in a 
vertical gas-mixing furnace, in an atmosphere of 20% CO, 80% CO2. W98+Fo was 
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prepared by adding 10 wt% of a mix of forsterite (Fo90) composition to a batch of 
the W98 composition. The forsterite mix was prepared from MgO, SiO2 and Fe2O3 
powdered oxides, mixed under acetone and dried at 110 °C; iron in this mix was 
not reduced prior to adding it to the W98 composition. 
The W98 composition was re-fired at 20% CO and 80% CO2 twice during the 
several years of the project. The initial batch of W98 is labelled W98.1, with the last 
digit increasing each time the powder was fired again. This was done because the 
powder may have absorbed some CO2 from the atmosphere over time. 
One batch of CMAS40 composition, which was used for just one sample in this 
study (D2413), was prepared differently to the rest. The major elements were mixed 
together as powdered oxides and carbonates as described above, along with TiO2, 
HfO2 and SrCO3. However, the trace elements Y, Sc, V, Mn, Ba, Zn and Zr were 
added as stock solutions (all dissolved in 2% or 10% HNO3, except for Zn which 
was dissolved in 2% HCl). The powders and solutions were mixed together 
thoroughly in an agate mortar and left to dry. The resulting powder was then 
denitrified by heating it in a Pt crucible over a Bunsen burner, and then 
decarbonated by firing as a pellet at 1050 ºC overnight. Finally, powdered GeO2 
was mixed in under acetone; this final composition was then dried at 110 ºC. Trace 
element concentrations in this sample (D2413) are listed in Table 4.2, as they are 
somewhat different to the other samples of CMAS40 composition. 
 
Table 4.2. Trace element concentration in sample D2413. 
 Concentration (ppm) 
GeO2 2728 
TiO2 5164 
HfO2 1656 
SrO 1368 
Y2O3 5023 
Sc2O3 601 
V2O5 1774 
MnO2 308 
BaO 5450 
ZnO 242 
ZrO2 1329 
 
Experiments were conducted using 200 T end-loaded Boyd-England type piston 
cylinder apparatuses. Each sample was prepared by loading ~20 mg of the oxide 
starting material into a 2.3 mm diameter Pt capsule, with ~2 mg of a Ru-RuO2 
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oxygen buffer mix (80% RuO2, 20% Ru) packed at each end of the capsule. The Ru-
RuO2 buffer is highly oxidising (fO2 similar to that of air; e.g. logfO2 = -0.7 at 1400 
ºC). Before welding the capsules shut, they were crimped loosely and dried at 110 
°C overnight. Capsules were placed in an assembly composed of MgO, graphite, 
Pyrex and NaCl (see Chapter 2). This assembly was wrapped in Teflon foil and 
inserted into a 1/2” pressure vessel. A Type B thermocouple, sheathed in mullite 
with a 5 mm alumina tip, was inserted through a bore in the top MgO spacer. The 
samples were equilibrated for 4–48 h, at the temperatures and pressures listed in 
Table 4.3. The samples were quenched by cutting power to the graphite heater. 
Some attempts were made at preparing samples at ambient pressure in vertical gas-
mixing furnaces, however the crystals grown in these samples were not large 
enough for LA-ICPMS. 
 
Table 4.3. Experimental conditions. 
Sample Name Pressure (GPa) Temperature (ºC) Time (h) Composition 
D1515 0.5 1450 24 CMAS40 
C4444 1 1500 24 CMAS40 
D2413 1 1500 24 CMAS40 
C4396(3) 1.5 1550 6 CMAS40 
D2374 2 1575 24 CMAS40 
D1517 2.5 1600 6 CMAS40 
C5299 3.3 1650 5.5 CMAS40 
C4396(4) 3.5 1650 4 CMAS40 
     
D2411 1 1320 42 W98.3 
D2427 1.74 1355 42 W98.3 
C4451 3 1500 24 W98.1 
C4735 3.5 1470 24 W98.2 
D1715 3.5 1450 24 W98.2 
D1703 4 1500 24 W98.2 
D2472 4 1490 24 W98.3 
     
C4650 2 1400 23 W98.2+Fo 
D1718 3.5 1500 24 W98.2+Fo 
D1758 4 1550 24 W98.2+Fo 
C4757 4.5 1550 15 W98.2+Fo 
C4521 4.5 1500 20 W98.3+Fo 
 
Major and trace element analysis 
After the experimental runs, charges were mounted in epoxy, sectioned and 
polished. The major element compositions of olivine and melt in each sample were 
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determined using a Hitachi S-4300 SE/N Field Emission Scanning Electron 
Microscope (FE-SEM) fitted with an Oxford X-Max EDS detector. The 
accelerating voltage used was 15 kV, the beam current was 0.600 nA and the 
working distance was 25 mm. Standards used to calibrate element concentrations 
were as follows: Albite (Na, Al), MgO (Mg), Sanidine (Si), Diopside (Ca), TiO2 
(Ti), Fe2O3 (Fe), YP5O14 (Y), NaCl (Cl). A PAP matrix correction was used. Point 
analyses were used for olivine crystals, but since an average composition for the 
quenched melt was needed, large (up to 200 x 200 µm) area analyses were used on 
the melt phase. Areas chosen for analysis were typically in the regions of fewer or 
smaller quench crystals, and cracks in the sample were avoided.  
Trace element abundances in olivine and melt in each sample were determined 
using Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-
ICPMS). The laser ablation system consists of an eximer laser (Lambda Physik 
Complex 110, wavelength 193 nm) with a HelEx ablation chamber (designed at 
ANU) coupled to an Agilent 7700 ICP-MS. The carrier gas used was He. For each 
spot, 20 s of background was measured before ablating the sample for ~40 s, at a 
laser pulse rate of 5 Hz. Spot sizes of 22 – 62 µm were used; the smallest spot sizes 
were used when crystals were very small.  
The external standard used was NIST 610 glass; this was analysed at the beginning 
of each analytical session and then after every ~10 spots. SiO2 was chosen as the 
internal standard; this was determined by FE-SEM. A secondary standard was also 
analysed at regular intervals; the standard used was either NIST-612 (Jochum, 
2011) or BCR-2G (Wilson, 1997). An in-house Excel spread sheet was used to 
reduce data from LA-ICPMS.  
4.3 Results 
Backscattered electron (BSE) images of typical run products are shown in Figure 
4.1. Melt in samples made <2 GPa quenched to a nice glass (e.g. Figure 4.1A, 
D2427), but in samples made at higher pressures, the melt phase contains variably 
sized quench phases – skeletal olivines with long rod-like shapes that in some 
samples are up to 1 mm long (as shown in Figure 4.1C, D2374). 
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Analytical totals for FE-SEM analyses were typically 99–101 wt% for olivine 
crystals, but ranged from 91–98 wt% for the melt phases. This may be due to the 
presence of some water dissolved in the melt, and/or due to the slightly rough 
surface resulting from the quench crystals present in many samples. In C4444 and 
C4396(3), many small vesicles were observed in the melt residue between quench 
crystals, as shown in Figure 4.1D.  
 
 
Figure 4.1. Backscattered electron (BSE) images of (A) D2427, (B) C5299, (C) D2374, and (D) 
a close-up of the melt phase in C4444 showing quench crystals and vesicles. 
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Major and trace element compositions of run products are given in the 
supplementary material, Section 7.6, p.209. Calculated partition and distribution 
coefficients are given in Table 4.4. 
 
Table 4.4. Olivine–melt partition and distribution coefficients 
Sample P (GPa) T (ºC) DSi sd DGe sd KD Ge–Si sd KD Ge–Si sd 
D1515 0.5 1450 0.84 0.01 0.61 0.02 0.72 0.02 -0.33 0.03 
C4444 1 1500 0.91 0.01 0.57 0.01 0.63 0.01 -0.47 0.02 
D2413 1 1500 0.89 0.02 0.59 0.02 0.66 0.02 -0.41 0.03 
C4396(3) 1.5 1550 0.87 0.00 0.56 0.01 0.64 0.01 -0.44 0.02 
D2374 2 1575 0.87 0.02 0.53 0.03 0.61 0.03 -0.49 0.05 
D1517 2.5 1600 0.88 0.01 0.51 0.01 0.58 0.01 -0.55 0.02 
C5299 3.3 1650 0.85 0.01 0.48 0.02 0.56 0.02 -0.57 0.04 
C4396(4) 3.5 1650 0.85 0.01 0.49 0.02 0.57 0.02 -0.56 0.04 
           
D2411 1 1320 1.05 0.01 0.73 0.03 0.70 0.03 -0.36 0.04 
D2427 1.74 1355 1.06 0.01 0.69 0.03 0.66 0.03 -0.42 0.04 
C4451 3 1500 1.07 0.02 0.68 0.02 0.63 0.02 -0.46 0.04 
C4735 3.5 1470 1.05 0.01 0.66 0.03 0.63 0.03 -0.47 0.04 
D1715 3.5 1450 1.08 0.01 0.62 0.02 0.57 0.02 -0.57 0.03 
D1703 4 1500 1.06 0.01 0.65 0.01 0.61 0.01 -0.49 0.02 
D2472 4 1490 1.07 0.01 0.61 0.01 0.57 0.01 -0.56 0.02 
           
C4650 2 1400 1.07 0.01 0.69 0.01 0.64 0.01 -0.44 0.02 
D1718 3.5 1500 1.10 0.02 0.58 0.02 0.53 0.02 -0.64 0.03 
D1758 4 1550 1.09 0.01 0.59 0.02 0.55 0.02 -0.60 0.03 
C4757 4.5 1550 1.06 0.01 0.60 0.01 0.57 0.01 -0.57 0.02 
C4521 4.5 1500 1.14 0.02 0.65 0.04 0.56 0.03 -0.57 0.06 
 
The combined effects of pressure and temperature on lnKD can be seen in Figure 
4.2. Pressure and temperature are highly correlated, because the conditions of the 
experiments followed the liquidus up in pressure and temperature. It is clear that 
lnKD decreases with increasing pressure and/or temperature. 
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Figure 4.2. lnKD plotted against pressure (A) and inverse temperature (B). 
 
 To isolate the pressure effect from the temperature effect, values of lnKD were fit to 
an equation of the form  
ln!! = ! + !! + ! ∗ !!  
Equation 4.4 
 
where a, b and c are the fit parameters, proportional to the enthalpy, entropy and 
volume changes of the reaction respectively. Fit parameters derived using a least 
squares fitting method in MATLAB (The MathWorks Inc. 2015) are a = −0.98 ± 
0.43, b = (8.8 ± 6.2) × 102 and c = −61 ± 24. The fit can be seen in Figure 4.3, along 
with the 95% confidence interval on the predicted values. This confidence interval 
gives a better indication of how well the fit reproduces the data than the errors on 
individual fit parameters, which are highly correlated. 
To illustrate how the data is scattered around the fitted plane, the data has been 
projected onto a single temperature in Figure 4.3A, and a single pressure in Figure 
4.3B. To achieve this projection, the deviation of the data points from the predicted 
value at their original pressure and temperature was calculated. The data were then 
plotted with the same deviation from the predicted values at 1500 ºC or 3 GPa. 
From these results, it can be seen that pressure has a greater effect than temperature 
on the partition coefficients.  This is evident because of the steeper negative slope of 
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the pressure effect compared to the temperature effect. However, more data would 
be needed to really constrain these competing effects. In addition, the 
parameterisation does not consider the effect of composition. 
 
Figure 4.3. The fit to lnKD data using Equation 4.4, shown as the black line with 95% confidence 
intervals indicated by the grey regions. In (A), the fit is shown for a single temperature (1500 ºC) 
as a function of pressure; in (B) the fit is shown and at a single pressure (3 GPa) as a function 
of inverse temperature. To ‘project’ the data points onto 1500 ºC (in A) or 3 GPa (in B), the 
points are offset from the fit by their deviations from the predicted value at their original 
pressure and temperature. This is done to illustrate the scatter in the data around the fit.   
 
4.4 Discussion 
Are the samples in equilibrium? 
Our interpretations of the Ge partitioning results rely on the samples being in 
equilibrium. If the diffusion of Ge is too slow through the mineral or melt phases, 
the partition coefficients may not represent a true equilibrium value. 
Diffusion of Ge through silicate melt has been measured in only two studies:  
Mungall et al. (1999) and Hahn et al. (2005). Both studies showed that Ge diffusion 
in rhyolitic melts was comparable to the diffusion of network formers predicted by 
the Eyring equation, which relates diffusivity to viscosity of the melt. Thus, Ge 
diffusion through more basaltic compositions, relevant to this study, can be 
reasonably estimated from the diffusion of Si. For example, Lesher et al. (1996) 
measured Si diffusion through a basaltic melt at 1400 ºC and 2 GPa and 
determined a diffusion coefficient of 2.9 × 1011 m2/s. Based on the simple 
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approximation x2 = Dt, where x is distance, D is the diffusion coefficient and t is 
time, Si would be expected to diffuse 1.6 mm in 24 h through the melt. This 
diffusion length should be sufficient to avoid any significant heterogeneity in Ge 
concentration in the melt phase. 
However, diffusion through the crystal will be much slower. Germanium diffusion 
has not been measured in olivine, but probably behaves comparably to Si. Recent 
measurements of relatively fast Si diffusion through olivine by Fei et al. (2012) give 
diffusion coefficients on the order of 10−19 m2/s at ~1500 °C. The x2 = Dt 
approximation indicates that Si would diffuse through olivine only 0.2 um in 24 h.  
Thus, it is expected that Ge will not diffuse at all through the crystals but will 
probably diffuse fast enough to maintain equilibrium in the melt. As olivine crystals 
grow from small crystal nuclei, they will incorporate some Ge into the structure. 
The amount of Ge incorporated would be determined by its partition coefficient, 
which is less than one. As such, as a crystal grows, Ge will become slightly 
enriched in the melt surrounding the growing crystal. The quenched melt should 
not show this heterogeneity because diffusion should be fast enough to equilibrate 
the Ge concentration on the time scale of the experiment. Therefore, diffusion of 
Ge through the crystal is not necessary to maintain an equilibrium partition 
coefficient. Thus it is reasonable to expect that the data reflect true equilibrium 
partition coefficients. 
Comparison to previous work 
Olivine–melt partition coefficients for Ge have been measured by several previous 
studies, at pressures from 1 atm to 10 GPa. The data from these studies are 
summarised in Table 4.5.  
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Table 4.5. Compilation of literature data for olivine–melt partitioning of Ge (expressed as lnKD 
where KD is the Ge–Si distribution coefficient between olivine and melt). 
Study Sample T (°C) Pressure Capsule lnKD s.d. 
C&W 82 2h1.5 1400 1 atm Pt95Au5 −0.36 0.04 
C&W 82 2h.5 1400 1 atm Pt95Au5 −0.35 0.09 
C&W 82 3b 1400 1 atm Pt95Au5 −0.31 0.10 
C&W 82 3c 1400 1 atm Pt95Au5 −0.32 0.11 
C&W 82 3e 1400 1 atm Pt95Au5 −0.43 0.21 
C&W 82 3g 1400 1 atm Pt95Au5 −0.24 0.20 
C&W 82 3f 1400 1 atm Pt95Au5 −0.36 0.17 
C&W 82 4e 1450 1 atm Pt95Au5 −0.31 0.06 
C&W 82 7e 1350 1 atm Pt95Au5 −0.25 0.17 
C&W 82 7g 1350 1 atm Pt95Au5 −0.24 0.13 
C&W 82 7f 1350 1 atm Pt95Au5 −0.14 0.10 
C&W 82 8g 1300 1 atm Pt95Au5 −0.13 0.09 
C&W 82 8f 1300 1 atm Pt95Au5 −0.19 0.10 
M&D 87 32.1B 1300 1 atm Pt −0.29 0.19 # 
M&D 87 32CD 1300 1 atm Pt −0.31 0.12 # 
M&D 87 35AB 1300 1 atm Pt −0.36 0.25 # 
M&D 87 35C 1300 1 atm Pt −0.30 0.03 # 
K 93 PO 49 1525 1 atm None; fO2 
fixed at IW 
−0.5 
−2.08 0.41 
       
C&W 82 HP 1500 2 GPa C −0.45 0.07 
M 94 D1 2080 10 GPa Re −1.20 † 
A&G 06 R77 1100 2 GPa C in Pt −0.57 0.03 
A&G 06 R79 1075 1 GPa C in Pt 0.02 0.04 
I 12 P777 1700 2 GPa C in Pt −0.53 0.22 
I 12 S1606 1850 5 GPa C −1.26 0.40 
I 12 S1615 1850 5 GPa C −1.61 0.18 
I 12 S1605 2150 10 GPa C −1.45 0.41 
I 12 S1614 2150 10 GPa C −1.31 0.25 
D 13 Average of 11 experiments* ~1465 3 GPa C in Pt −0.82 0.17 
LeR 15 G81 1450 2 GPa C −0.36 0.12 
LeR 15 G84 1500 2 GPa C −0.43 0.14 
LeR 15 G107 1325 1.5 GPa C −0.18 0.12 
LeR 15 G109 1300 1.5 GPa C −0.06 0.12 
* Davis et al. 2013 reports Ge partitioning data for 11 experiments, all conducted at the same 
pressure (3 GPa) and at similar temperatures (1460–1475 °C). Since there were no obvious 
correlations of lnKD with any compositional variable, the data have been averaged. The 
standard deviation reported here is the standard deviation of all lnKD values, which ranged from 
−0.48 ± 0.03 to −1.05 ± 0.22. The abbreviations for studies used in this table and in subsequent 
figures are: C&W 82 (Capobianco and Watson 1982), M 94 (McFarlane 1994), M&D 87 (Malvin 
and Drake 1987), K 93 (Kennedy et al. 1993), LeR 15 (Le Roux et al. 2015), D 13 (Davis et al. 
2013), A&G 06 (Adam and Green 2006) and I 12 (Imai et al. 2012). # Malvin and Drake (1987) 
do not report an error on the Si analyses of each phase, so the standard deviation reported 
here is based only off the error they report on the Ge partition coefficient. † No error was 
reported on the data point from McFarlane (1994). In the figures below and in fits to the 
literature data, a 20% error is assumed. 
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The temperature-dependence of partitioning obtained in this study is compared to 
previous work at ambient pressure in Figure 4.4. In this figure, data from this study 
are projected onto a pressure of 1 atm using Equation 4.4. Literature data from the 
ambient-pressure experiments of Capobianco and Watson (1982) and Malvin and 
Drake (1987) are plotted for comparison. The data from the literature have such 
large error bars that they cannot define a clear trend as a function of temperature; 
however the literature data are perfectly consistent with the trend defined by the 
data from this work (shown as the black line and grey limits of error).  
 
 
Figure 4.4. Temperature dependence of lnKD at ambient pressure. Data from this study is 
projected to 1 atm pressure for comparison to ambient-pressure data from the literature 
(Capobianco and Watson 1982; Malvin and Drake 1987). 
 
However, the ambient-pressure partition coefficient measured by Kennedy (1993) 
of -2.08 is not plotted because it is significantly lower than all the other data. The 
value is probably not reliable for two reasons. Firstly, the author does not report a 
capsule material, so the experiment was most likely conducted on a loop exposed to 
the furnace; this means Ge could have escaped from the sample during the run, due 
to its moderate volatility. Secondly, the fO2 of the experiment was IW -0.5. At this 
fO2, it is expected that a substantial fraction (~64%) of the Ge will have a 2+ 
valence, and Ge2+ is highly incompatible (see Chapter 5). Thus, the low partition 
coefficient obtained by Kennedy (1993) is unlikely to be an equilibrium partition 
coefficient for Ge4+. 
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Figure 4.5 shows the high-pressure literature data compared to the data collected in 
this study. In this figure, the data are not projected onto any pressure or 
temperature. Error bars on most of the literature data are much larger than the 
errors on data from this study, but the literature data still appear to show a fairly 
well defined trend with pressure, which is a lot steeper than the trend obtained by 
this study. 
 
Figure 4.5. Comparison of the data presented in this study to literature data at high pressure. In 
this figure, neither my data nor the literature data have been projected onto a temperature or 
pressure, so the trends observed could reflect either or both variables in each plot. 
 
When the literature data are fit to Equation 4, the trend as a function of pressure 
becomes even steeper, and the trend as a function of temperature reverses in 
direction. Fit parameters derived using a least-squares fitting algorithm in 
MATLAB are a = 0.045 ± 0.88, b = 302 ± 869 and c = -462 ± 170. Figure 4.6 
shows these literature data projected onto constant temperature (in A) and constant 
pressure (in B) using the fit described above. The literature data can then be 
compared to the data from this study, which are plotted as grey symbols with the fit 
shown as a black line with grey margins of error. The trend seen in the literature 
data is quite different to the trend of data in this study.  
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Figure 4.6. Comparison of the data presented in this study to literature data at high pressure. In 
this figure, I have corrected the data using two fits. My data has been projected to 1500 C or 3 
GPa using the fit described in the text; literature data has been fit separately to the same 
equation. The fit to the literature data is given by the blue line and the dotted curves are the 
95% confidence intervals on predicted values for this fit. 
 
The reason that literature data show a different pressure-dependence than the data 
from this study may be a component of Ge2+ in the experiments, because all but one 
of the experiments reported so far in the literature were done in graphite capsules 
(some with a Pt outer capsule). The only exception is the data point of McFarlane 
(1994), which was an experiment in a Re capsule, but no error was reported for this 
partition coefficient (a 20% error was assumed for the plots and the fit to the 
literature data). The fO2 was not buffered in any of these experiments, but in the 
experiments done in graphite capsules, fO2 must be below the C-CO oxygen buffer 
(Médard et al. 2008). 
The only study that attempted to determine fO2 was Davis et al. (2013). Davis et al. 
calculated logfO2 to be -6.4 and -5.9 (at 1470 ºC and 3 GPa, equivalent to ∆IW +1.7 
and +2.2) in two of their experiments, but not the same experiments for which Ge 
partition coefficients were measured. However, the experiments of Davis et al., as 
well as experiments of Adam and Green (2006) and Imai et al. (2012) report 
vanadium partition coefficients, which can be used to calculate fO2 using Equation 
15 in Mallmann and O’Neill (2009). Using V partitioning, the average fO2 
calculated from all data of the three studies is ∆IW -1.0, with a standard deviation 
of 0.3, and the average error on each calculated fO2 is 0.4. 
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Based on the data presented in Chapter 5, the Ge4+–Ge2+ transition occurs over the 
range IW +2 to IW -2. Since the calculated fO2 of experiments from literature 
studies, based on V partitioning, is within that range, it seems likely that a 
component of Ge2+ would be present in many of these experiments. The fraction of 
Ge2+ would be likely to vary somewhat between experiments (we have no 
constraints on how Ge2+ responds to temperature, pressure or composition). Thus, I 
would argue that all existing high-pressure Ge partitioning data in the literature are 
unreliable, due to the likelihood of a mixture of 4+ and 2+ valence states.  
Finally, one other factor that might affect the samples is the possible presence of 
dissolved water, which may affect partitioning to an unknown extent. If water 
concentration did differ substantially with pressure, our interpretation of the 
pressure effect on partitioning might be incorrect. However, there is no evidence 
that the water content does differ substantially with pressure, as all experiments 
were synthesised via the same methodology. Future work to analyse water 
concentrations and to repeat the partitioning experiments under dry conditions 
would be valuable to constrain these effects. 
A thermodynamic evaluation of the effect of pressure on partitioning 
As described in the Introduction to this chapter, the simplest way to predict a 
change in lnKD with pressure is to relate it to the ΔrV (volume change of the 
exchange reaction) using Equation 4.3. 
Capobianco and Watson (1982) calculated ΔrV by taking the molar or partial molar 
volumes of each component in the reaction from the literature, and determined that 
ΔrV was negative. A negative ΔrV would imply an increase in lnKD with pressure, 
but the data clearly indicate the opposite. Capobianco and Watson did not consider 
errors on the volumes of each component. To see if the observed data could be 
within error of the calculation, molar volumes from various literature sources, 
along with their errors (when reported) are compiled in Table 4.6. A ‘preferred’ ΔrV 
is calculated based on the most up-to-date or appropriate molar volumes. In this 
context, ‘appropriate’ means values for partial molar volumes of GeO2 and SiO2 in 
multicomponent melts, rather than values for molar volumes of pure GeO2 or SiO2 
liquids. A minimum and maximum ΔrV is also calculated by taking the extreme 
values and their errors.  
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The preferred ΔrV, as well as the minimum and maximum values for ΔrV are all 
negative, though there is a substantial range in their values. The predicted change 
in lnKD can be then calculated using Equation 4.3, where the value for lnKD P1 at 
1500 °C  (P1 = 1 atm) is fixed as -0.37 (determined using the fit to the data). The 
result of this calculation is shown in Figure 4.4.4, in comparison with the data 
projected onto a temperature of 1500°C. The predicted and observed values show 
the opposite trends, even when the maximum ΔrV is considered.  
 
Table 4.6. Literature data for molar volumes of components in Equation 4.1. 
Component Molar volume at 
1500 °C  
(cm3 mol−1) 
Reference 
Mg2SiO4 olivine 46.28 ± 0.03 * Holland and Powell (1998); Robie and Hemmingway 
(1995) 
46.12 ± 0.06 
 
Extrapolated using a 2nd order polynomial fit to the 
V/V0 data from Table 1 of Bouhifd et al. (1996) (error 
is taken from 1530 °C data point). 
   
Mg2GeO4 
olivine 
47.80 ± 0.11 * Extrapolated from equation in Table 4 of Fiquet et al. 
(1992); relative error is assumed to be 0.23%; this is 
the same as on the highest temperature data point at 
1400 °C 
   
SiO2 liquid 26.88 ± 0.02 * Partial molar volume of SiO2 in an iron-free melt at 
1500 °C from Table 6 of Lange and Carmichael 
(1987) 
26.43 Pure silica liquid; Holland and Powell (1998) 
27.3 Pure silica liquid; Holland and Powell (2011)  
 27.47 Pure silica liquid; Mao et al. (2001) 
   
GeO2 liquid 29.9 ± 0.34 Pure GeO2 liquid; Dingwell et al. (1993) 
29.7 ± 0.24 * Partial molar volume at infinite dilution of GeO2 in 
AnDi liquids at 1527 ºC from Holzapfel et al. (2001). It 
is not possible to extrapolate this to 1500 °C. 
However the reported volumes from 1127 to 1527 °C 
are all within error. 
 30.3 Pure GeO2 liquid at 1400 ºC, extrapolated from 
measurements of binary oxides by Riebling (1963) 
   ∆!!!"## !,!!"# 
minimum 
−2.36 ± 0.02  ∆!!!"## !,!!"# 
maximum 
−0.55 ± 0.8  ∆!!!"## !,!!"# 
preferred 
−1.14 ± 0.8  
*’Preferred’ volumes are marked with an asterisk. 
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Figure 4.7. A comparison of my data, projected to 1500 C, to the predicted change in lnKD with 
pressure at 1500 C based on the volume change of Equation 4.1. Dashed line is the prediction 
from the preferred value of ∆V, grey region is the limits of error associated with this, and dotted 
lines are the predicted lnKd if the absolute minimum or maximum values of ∆V are taken. In all 
cases, the predicted lnKd increases with pressure, whereas the experimental data decrease. 
 
The discrepancy between observed and predicted changes in lnKD with pressure 
could simply result from the molar volume of a component being incorrect. 
However, since a range of values for volumes of each component have been 
considered, and they are all fairly consistent with one another, this seems unlikely. 
Assuming the volumes are reasonable leaves us with two other options to explain 
the discrepancy: (i) the compressibility of the components; or (ii) a structural 
change occurring in the melt, such as a coordination change.  
The simplification that volume is independent of pressure in Equation 4.3 can be 
removed if the pressure-dependence of volume is known. Then, the ΔrV term is 
replaced with an integral of volume as a function pressure: 
ln!! !! =  ln!! !! − 1!"  ∆! ! ! !!"!!!!  
Equation 4.5. 
 
where V(P)T represents an expression for volume as a function of pressure at a given 
temperature; namely, an equation of state (EOS). There are many equations of 
state, but for this calculation the Murnaghan EOS was chosen due to its simplicity 
and tractability. The Murnaghan EOS is: 
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! = !!!′! !! !"#,!! !!! − 1  
Equation 4.6 
 
where V is volume, V1 bar, T is the ambient pressure molar volume, κT is the bulk 
modulus and κ’T is the pressure derivative of the bulk modulus, all at the 
temperature of interest (indicated by the subscript T).  
The value of κ’T for most crystalline geological materials is close to 4, so this 
approximation was used in the thermodynamic dataset of Holland and Powell 
(1998). The value of κ’T for melt components is not well known. Ghiorso (2004) 
suggested that it may be substantially higher, ~10–12. However, Rigden (1988) 
calculated κ’ = 4.85 from the results of their shock compression experiments on 
anorthite-diopside melt performed. Regardless of the most appropriate value, κ’ is a 
third order effect, and whether 4 or 12 is chosen will make little difference to the 
result at the fairly low pressures of interest here. Setting κ’T = 4, the Murnaghan 
EOS can be rearranged and integrated: 
!"#!! !"# = !! !"#,!3 1+ 4!!! !/! − 1  
Equation 4.7 
 
With this approach, all that is needed to adjust the previous calculation to 
incorporate the effect of pressure on volume is the value for κT of each component. 
The κT can be calculated from κ298 (the bulk modulus at 298 K) using the following 
equation (Holland and Powell 1998): 
!! = !!"# 1− 1.5×10!! ! − 298  
Equation 4.8 
 
The mineral components, which are fairly incompressible, have large values of bulk 
modulus. Both the Si-forsterite and Ge-forsterite have κ298 = 125 GPa (Liebermann 
1975; Holland and Powell 1998), which equates to κT = 97 GPa at 1500 °C using 
equation 8. The liquid components, on the other hand, are expected to be more 
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compressible, but their bulk moduli are less well constrained. The bulk modulus for 
pure silica liquid is 58 GPa at 1500 °C (Holland and Powell 1998), whereas a value 
of 14 GPa was determined for SiO2 in multicomponent silicate melts at 1400 °C 
(Kress and Carmichael 1991). The latter value is similar to values of bulk moduli 
ranging from 18–22 GPa for enstatite, wollastonite, diopside, anorthite and 
forsterite liquids determined by molecular dynamics simulations (Matsui 1996). 
Thus, as a generous assumption for bulk modulus, κT = 14 GPa is used for both 
GeO2 and SiO2 melt components.  
The result of the calculation is shown in Figure 4.8. As shown, incorporating the 
pressure-dependence of volume introduces a curvature to the predicted values of 
lnKD – the slope flattens out at higher pressures. However, this is still insufficient to 
explain the difference between the observed and predicted values. 
 
 
Figure 4.8. Same as Figure 4.7, but predicted change in lnKD includes compressibility via the 
Murnaghan EOS. 
 
The remaining possibility is that structural changes in the melt are affecting the 
partitioning behaviour. There are several ways in which this could occur. 
Firstly, a change in the Ge coordination number in the melt, which was shown to 
begin from about 2 GPa in silicate melts (Chapter 2), will change the molar volume 
of the GeO2 melt component. Although this coordination change is expected to 
proceed slowly over a range of pressures up to at least 10 GPa, a coordination 
change should have a significant effect on Ge partitioning. As an example, the 
molar volume of the rutile form of GeO2 (14.4 cm3 mol
−1) is about half that of the 
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quartz form (28.2 cm3 mol−1), calculated from the lattice parameters determined by 
Smith and Isaacs (1964) and Haines et al. (2000). If the predicted change in lnKD is 
calculated using the molar volume of r-[6]GeO2 as the molar volume for GeO2 in the 
melt, the lnKD is predicted to decrease very steeply with pressure (i.e. Ge becomes 
rapidly more incompatible with pressure; at 5 GPa, predicted lnKD is −5). Thus, 
changes in volume associated with a coordination change of a liquid component 
will have a large effect on the partitioning behaviour. 
However, any predictive model needs to consider more factors than just the volume 
change. If Ge is present in the melt in multiple coordination environments, which is 
expected at this range of pressures, then there will be an enthalpy and configuration 
entropy term that needs to be added to the calculation. Another complication is the 
potential effect of other structural changes in the silicate melt on the partitioning of 
Ge. For example, there are substantial changes in Al coordination over this 
pressure range. The Al coordination change, since it is a major element, could 
affect the activity coefficients of Ge and Si, and an activity term would also be 
needed. 
The best predictive model developed so far for trace element partitioning is the 
lattice strain model (Wood and Blundy 2014). Mineral–melt partition coefficients 
for elements of the same charge, plotted against ionic radius, fall on a parabola with 
parameters r0 (the ‘ideal’ ionic radius for the crystallographic site), D0 (the partition 
coefficient of a fictional cation with the ideal radius), and E0 (the Young’s modulus 
for the site). These parameters define the position, height and width of the parabola 
respectively. While this model has been very successful, it is not well equipped to 
deal with changes occurring as a function of pressure, especially if there are changes 
in the melt structure, since the model considers only factors of the crystallographic 
site and does not explicitly account for melt structure. A few studies have 
investigated the pressure effect on the parabolic curves, and show that the 
parameters change systematically with pressure, but differently for different 
minerals and different cation charges (e.g. Suzuki et al. 2012 and references within) 
However, attempts to explain this based on the hypothetical ‘site’ occupied by the 
cations in the melt are so far very preliminary (Imai et al. 2012). The lattice strain 
model, as it does not explicitly consider the structure of the coexisting melt, is 
therefore not well suited to explaining how partition coefficients vary with pressure 
and the effect of melt structural changes on the partition coefficients.  
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4.5 Conclusion 
As I have shown, the change in olivine–melt partitioning of Ge with pressure 
cannot be explained by existing thermodynamic data and equations of state for the 
volumes of components in silicate melts. I argue that this is due to structural 
changes occurring in the silicate melt which cannot, at present, be incorporated into 
these calculations. These structural changes include coordination changes of the 
trace elements of interest (i.e. Ge) as well as coordination changes of the major 
element Al. This range of factors requires additional terms to be added to the 
equation – to incorporate configurational entropy, enthalpy, and activity 
coefficients that are all functions of pressure. There are no existing equations that 
can provide a framework for modelling these effects, but this would be a very 
important tool to aid our understanding of trace element partitioning in magmatic 
systems at high pressures.  
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Chapter 5: Divalent germanium: stable at 
low fO2 and highly incompatible in olivine 
 
 
Abstract—In the Earth’s upper mantle and crust, Ge is almost exclusively 
tetravalent. Divalent germanium can be synthesised, but has only once been 
observed in nature. However, it has been inferred that Ge2+ may be stable in silicate 
melts under reducing conditions, based on metal–silicate partitioning experiments. 
Whether this species was stable at conditions relevant to Earth’s core formation 
(i.e. ~ΔIW -2) has been unclear due to conflicting data from different studies. In 
this work, I present X-ray absorption spectra of a series of silicate glasses quenched 
from melts. The spectra show that the Ge4+–Ge2+ transition is completed over the 
range ΔIW +2 to ΔIW -2 and that the Ge2+–O bond length is 1.89 ± 0.03 Å. Four 
exploratory olivine–melt partitioning experiments were also conducted, which 
show that Ge2+ is highly incompatible. The speciation of Ge must therefore be 
taken into account when modelling magmatic processes in reduced environments, 
such as Earth’s core formation and the generation of basalts on the moon and other 
planetary bodies. In particular, the highly incompatible nature of Ge2+ can provide 
a simple explanation for the anomalous enrichment of Ge in KREEP basalts, 
which was previously ascribed to lunar mantle metasomatism. 
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5.1 Introduction 
The work presented in the preceding chapters has shown that the coordination 
number of Ge4+ increases with pressure in silicate melts, perhaps causing important 
changes in its partitioning behaviour between silicate melt and other phases, such 
as silicate minerals or metal. Although Ge is not widely used as a petrogenetic 
indicator, its mineral–melt partition coefficients have been used to investigate 
mantle heterogeneity (de Argollo and Schilling 1978) and possible metasomatism of 
the lunar mantle (Dickinson et al. 1989). Ge metal–silicate partitioning has been 
more widely applied to models of the process of core formation in the Earth 
(Schmitt et al. 1989; Walker et al. 1993; Hillgren et al. 1996; Jana and Walker 
1997a; Jana and Walker 1997b; Capobianco et al. 1999; Holzheid et al. 2007; 
Righter et al. 2011; Siebert et al. 2011; Righter et al. 2017) and in the Moon 
(Steenstra et al. 2016). 
While investigating Ge metal–silicate partitioning, Schmitt et al. (1989) noticed that 
the slope of the logD–logfO2 curve (where D is the partition coefficient) indicated a 
2+ valence state for Ge. These authors suggested that Ge2+O was the stable species 
in the melt at oxygen fugacities below the iron-wüstite buffer, IW. This was a 
surprising result, because Ge2+ had not been observed in nature until Bonnet (2017) 
identified a Ge2+–bearing sphalerite using X-ray absorption spectroscopy (XAS), 
but this occurrence is for Ge bonded with sulfur, not oxygen. Even in chalcogenide 
glasses, Ge remains in a 4+ valence state (Zhou et al. 1991; Sen et al. 2005), and 
synthetic compounds containing Ge2+–O bonds are rare; only three such 
compounds (GeCl(H2PO2), Na[Ge4(PO4)3], and Ge2(H2PO2)6) are listed in the 
ICSD database (Cempírek and Groat 2013).  
Capobianco et al. (1999), sceptical of the 2+ valence state reported by Schmitt et al. 
(1989), conducted a series of metal–silicate partitioning experiments and 
determined the valence state to be 4+. However, most of their experiments were at 
an fO2 close to or above IW, whereas the experiments of Schmitt et al. (1989) were 
all below IW, as pointed out by Kegler and Holzheid (2011). Further experiments 
conducted by Kegler and Holzheid agreed very well with the data of Schmitt et al. 
(1989), predicting a 2+ valence. Recently, experiments conducted at similar fO2 by 
Siebert et al. (2011) predicted a nominal valence of 2.7, suggesting a mixture of 2+ 
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and 4+ valences. A summary of the ranges in fO2 investigated by each study is 
presented in Figure 5.1. 
 
Figure 5.1. The fO2 ranges investigated, and Ge valence states determined by four previous 
studies: ‘S 89’ = Schmitt et al. (1989), ‘C 99’ = Capobianco et al. (1999), ‘K&H 11’ = Kegler and 
Holzheid (2011) and ‘S 11’ = Siebert et al. (2011). 
  
These four studies (Schmitt et al. 1989; Capobianco et al. 1999; Kegler and 
Holzheid 2011; Siebert et al. 2011) indicate that Ge2+ becomes stable below IW, but 
precisely where that transition occurs is not clear. The experiments in all studies 
were carried out at different conditions (temperature, pressure, and composition), 
and none of the individual studies span a range in fO2 from well above to well 
below IW. The fO2 at the time of core formation in the Earth is estimated to have 
been ~ΔIW -2 (Wood et al. 2006), and so it is still unclear whether Ge2+ would 
have been the dominant species in the Earth at that time. 
Determining at what fO2 Ge2+ becomes stable is important for two reasons. First, if 
Ge4+ were stable in the reduced environment of the early Earth, then pressure-
induced coordination changes (described in Chapter 2) could have a profound 
effect on Ge metal–silicate partitioning in a deep magma ocean. However, if Ge2+ 
were the stable species, the coordination changes of Ge4+ will not be relevant, and 
whether Ge2+ undergoes similar changes is unknown. Second, the fO2 of the lunar 
mantle is thought to be at or below IW (Wieczorek et al. 2006); perhaps Ge2+ is the 
stable species on the moon? Ge is highly depleted in lunar rocks, but Ge is enriched 
by up to 300 fold in KREEP basalts (Dickinson et al. 1989). Using knowledge of 
Ge4+ mineral–melt partition coefficients, which are typically close to unity, 
Dickinson et al. (1989) proposed a model involving lunar mantle metasomatism to 
explain the anomalous Ge enrichments. However, while metal–silicate partition 
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coefficients for Ge2+ have been determined, nothing is known about the silicate 
mineral–melt partitioning of this species. 
In this study, I aim to determine at what fO2 Ge2+ becomes stable in silicate melts, 
by conducting experiments at a range of fO2, from air (ΔIW +10) to ΔIW -3. Rather 
than using metal–silicate partitioning experiments, the speciation is studied directly 
using X-ray absorption spectroscopy (XAS). XAS is an element-specific technique 
that is ideal for determining trace element speciation, because the absorption edge 
typically shifts systematically to higher energy with increasing valence state, e.g. for 
V, Cr and Fe (Wong et al. 1984; Berry et al. 2003a; Berry and O’Neill 2004). XAS 
has also previously been used to distinguish Ge2+ from Ge4+ and Ge0 in sulfides 
(Pugsley et al. 2011; Cook et al. 2015; Belissont et al. 2016; Bonnet et al. 2017), but 
never before in oxides. I also conducted four preliminary partitioning experiments 
at low fO2 to investigate the olivine–melt partitioning of Ge2+.  
I will show that the Ge4+ to Ge2+ transition occurs between ΔIW+2 and ΔIW-2, and 
that Ge2+ is highly incompatible in olivine. These results suggest that Ge2+ was 
indeed stable in the reducing conditions of the early Earth, and probably also on the 
Moon and other planetary bodies. 
5.2 Methods 
Sample synthesis 
Starting materials 
Three different silicate compositions within the CMAS system were used in this 
study. The compositions are named CMAS7G, AnDi and CMAS40 (see Table 
5.1). CMAS7G was used for ambient-pressure glass synthesis, because it is a good-
glass former (low MgO) and has a low liquidus temperature (high SiO2). AnDi was 
used for high-pressure glass synthesis, because it better approximates a basaltic melt 
than CMAS7G. Finally, the MgO-rich CMAS40 composition was used for olivine–
melt partitioning experiments. 
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Table 5.1. Nominal major element compositions of starting materials (wt%). 
 
 
Starting materials were made from a powdered oxide mixture, prepared using 
reagent grade SiO2, Al2O3, MgO and CaCO3. These oxides were mixed under 
acetone and fired at 1050 ºC to remove the carbonate. The CMAS40 composition 
was additionally doped with trace elements. Two exploratory samples, D2270 and 
C4444, were doped only with GeO2 (0.46 wt%), Sc2O3 (0.03 wt%), V2O3 (0.12 wt%) 
and Y2O3 (1.05 wt%). The trace elements in this sample were added as oxides. In 
order to investigate partitioning with reference to a lattice strain model, subsequent 
samples were doped with GeO2 (0.27 wt%), Sc2O3 (0.06 wt%), V2O3 (0.18 wt%), 
Y2O3 (0.50 wt%), TiO2 (0.52 wt%) HfO2, (0.16 wt%), SrO (0.14 wt%), MnO2 (0.03 
wt%) BaO (0.54 wt%), ZnO (0.02 wt%) and ZrO2 (0.13 wt%). TiO2, HfO2 and 
SrCO3 were added to the mixture as powders, but the trace elements Y, Sc, V, Mn, 
B, Zn and Zr were added as stock solutions, dissolved in 2% or 10% HNO3 (except 
for Zn which was dissolved in 2% HCl). The powders and solutions were mixed 
together thoroughly in an agate mortar and left to dry. The resulting powder was 
then denitrified by firing as a pellet at 1050 ºC overnight. Finally, powdered GeO2 
was mixed in under acetone and this mixture was then dried at 110 ºC. 
Ambient-pressure experiments 
Preparing silicate melts doped with Ge as a function of fO2 at atmospheric pressure 
is made difficult by its volatility, which increases with decreasing fO2 (e.g. Norris 
and Wood 2017), resulting in almost complete loss of Ge from samples in a matter 
of minutes using the traditional approach of synthesising samples in a gas-mixing 
furnace with the wire-loop method, as used in studies of non-volatile elements such 
as Fe or Cr (e.g. Berry et al. 2003a; Berry and O’Neill 2004). To get around this 
problem, a new experimental setup was designed (Figure 5.2), which turns the 
volatility of Ge from a disadvantage into an advantage. 
 
 CMAS7G AnDi CMAS40 
SiO2 58.78 50.33 48.60 
Al2O3 12.61 15.91 6.70 
MgO 2.38 12.49 41.50 
CaO 25.23 15.71 3.20 
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Powdered samples of the CMAS7G composition were hung on a Re ribbon loops 
with the aid of polyethylene oxide as a glue, subsequently removed by heating after 
drying. The mix was not doped with Ge; instead, Ge was added to the sample 
during the experiment by bathing the sample in Ge-containing vapour. To achieve 
this, the loop was hung in the top of a ~20 cm long silica tube, which was sealed at 
the bottom, but open at the top. Approximately 0.5 to 1.2 g of GeO2 powder was 
placed in the bottom of the tube. When the tube was hung in the furnace, the 
sample was located in the furnace hot spot (1200 ºC) while the temperature at the 
bottom of the tube was ~ 900 ºC. This enabled the GeO2 powder in the bottom to 
gradually evaporate (but not melt). The vapour, the dominant species in which is 
GeO (Barton and Heil 1970), percolates up through the tube and flow past the 
sample. In some experiments, ceramic wool was placed in the middle of the silica 
tube (and, in one experiment, D28/01/16, at the top), to help slow the rate of GeO 
vapour transfer. Since the tube was open at the top, the sample could equilibrate 
with the fO2 in the furnace set by the CO-CO2 gas mixture. The fO2 was varied 
between ΔIW +2 to ΔIW -3. Samples and their run conditions are listed in Table 
5.2. 
 
 
 
Figure 5.2. Experimental assembly that was suspended in a furnace by the Al2O3 rod for 
ambient-pressure, low-fO2 experiments. 
 
Quenching the sample to glass in this setup was not entirely straightforward. In all 
experiments, the tube was dropped into a bucket of water, but gas bubbles in the 
tube would often prevent the sample from coming into immediate contact with the 
water. When this occurred, the samples would contain small, unidentified quench 
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crystals. In some experiments, slits were cut in the sides of the tube, which 
encouraged the tube to break when it hit the bottom of the bucket. Even with the 
slits, the tube did not always break. When it did break, the samples quenched to 
give a glass with few or no crystals.  
 
Table 5.2. Experimental conditions of ambient-pressure, low-fO2 experiments.  
Sample ΔIW Time (h) Ge concentration (wt%) 
   Average Max Min n* 
D21/01/16 +2.0 6.8 1.2 (3) 1.5 0.8 7 
D17/12/15 +1.0 8 0.7 (1) 0.9 0.6 10 
D30/11/15 0.0 14 0.3 (1) 0.4 0.1 11 
D19/12/15 +0.5 8 0.34 (5) 0.41 0.28 5 
D18/12/15 -0.5 7.5 0.22 (2) 0.23 0.18 10 
D15/12/15 -1.0 7.5 0.15 (2) 0.19 0.10 10 
D14/04/16 -1.0 5 0.07 (4) 0.12 0.03 6 
D25/01/16 -1.5 7.5 0.053 (6) 0.058 0.047 3 
D16/04/16 -1.5 5 0.041 (8) 0.048 0.027 6 
D28/01/16 -1.75 6 0.041 (9) 0.051 0.025 6 
D17/04/16 -2.5 4.2  0.050 (9) 0.058 0.035 6 
D12/04/16 -3.0 4.75 0.065 (8) 0.077 0.055 6 
*n = number of analyses. Numbers in parentheses are one standard deviation on the last digit. 
Temperature in the furnace hot spot was 1200 ºC in all experiments. Concentrations of Ge in 
the glasses were determined by LA-ICPMS. 
 
High-pressure experiments 
Four additional glass samples were prepared at 1500ºC and 1 GPa using a 200 T 
end-loaded Boyd-England type piston cylinder apparatus, and six olivine–melt 
partitioning experiments were conducted using the same method. Samples are 
listed in Table 5.3. 
 
Table 5.3. List of high-pressure experiments.  
Sample Time (h) Ge concentration (ppm) 
  Average Max Min n* 
Glass samples      
C5201 24 0.18 (2) 0.20 0.16 5 
C5204 24 0.66 (1) 0.67 0.64 6 
C5206 24 4.04 (3) 4.07 4.01 6 
C5234 10.5 3.3 (2) 3.6 3.0 5 
Partitioning experiments 
D2270 < 24* Ge concentrations of olivines and melt  
in the partitioning experiments are given in 
Table 5.11 and Table 5.12. 
D2357 24 
D2368-i 48 
D2368-ii 48 
C4444 24 
D2413 24 
All samples were equilibrated at 1500 ºC and 1 GPa for the times indicated. *Sample D2270 
quenched before 24 h due to a failure with the apparatus.  
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Most of these experiments were conducted in graphite capsules containing two 
layers. A mixture of Ge and either Co or Ni metal powders (1:1 ratio by weight) 
was packed at the bottom of each capsule. The powdered oxide mixture (AnDi for 
the glasses or CMAS40 for the partitioning experiments) was placed on top of the 
metal mixture. The metal mixtures served to both add Ge to the charge, and to 
enable the calculation of fO2 retrospectively using the Co–CoO or Ni–NiO 
equilibria. In some capsules a small amount of Si metal was also added to further 
reduce the fO2. The amounts of each component added to the capsules are detailed 
in Table 5.4. 
 
Table 5.4. Components used in graphite capsules for high-pressure experiments. 
 Partitioning experiments Glass synthesis experiments 
 D2270 D2357 D2368-a D2368-b C5201 C5204 C5206 C5234 
Si metal (mg) 1.1 0.3 0.1 – 0.9 0.6 – 0.3 
Ge-M* 1:1 mix 
(mg) 
3.3 2.6 0.7 1.5 10.9 10.3 11.7 9.6 
Silicate mix** 
(mg) 
12.1 12.1 5.5 8.0 33.4 35.5 34.3 32.5 
Ge-M* wt % 20 17 11 16 24 22 25 23 
Si wt % 6.7 2 0.8 0 2 1.3 0 0.7 
* M denotes metal, referring to Ni for C5201 or Co for all other samples. **Silicate mix used was 
CMAS40 for the partitioning experiments (D2270, D2357, D2368-a, and D2368-b). For the other 
experiments, the silicate mix used was AnDi. 
 
Two of the partitioning experiments (prepared for Chapter 4) were carried out at 
high fO2 by using Pt capsules and a Ru-RuO2 oxygen buffer mix (80% RuO2, 20% 
Ru). The Ru-RuO2 buffer is highly oxidising, with a logfO2 of -0.2 at 1500 ºC 
(O’Neill and Nell 1997), which is similar to that of air (logfO2 = -0.7). These samples 
was prepared by loading ~20 mg of the CMAS40 starting material into a 2.3 mm 
diameter Pt capsule, with ~2 mg of the Ru-RuO2 mixture packed at each end of the 
capsule. Before welding the capsules shut, they were crimped loosely and dried at 
110 °C overnight. 
The capsules were placed in an assembly composed of MgO spacers, a graphite 
heater in a Pyrex sleeve, and NaCl as a pressure medium. This assembly was 
wrapped in Teflon foil and inserted into a pressure vessel with a bore size of either a 
1/2” (C4444 and D2413) or 5/8” (all other experiments). A Type B thermocouple, 
sheathed in mullite with a 5-mm alumina tip, was inserted through a bore in the top 
MgO spacer. The samples were equilibrated for 10–48 h (see Table 5.3), at 1500 ºC 
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and 1 GPa, before quenching by cutting power to the graphite heater. Sample 
C4444 was run at 1500 ºC and 1 GPa for 24 h twice, because on the first run, an 
error in programming the temperature control meant that the experiment was not 
rapidly quenched. The capsule was recovered and the experiment repeated with the 
correct quenching procedure.  Note that capsules D2368-a and D2368-b were run 
together in one experiment, and it was not possible to determine which capsule was 
which after the experiment (suffixes ‘i’ and ‘ii’ were arbitrarily assigned).  
Standards for XAS 
Ideally, samples containing Ge in known valence states are desirable for 
comparison with the samples described above, but as Ge2+ does not readily form 
oxide compounds, none were available. Compounds containing Ge2+ bonded to 
other ligands, such as S, Se or I, do not make good standards because the XANES 
spectra vary greatly with the ligand (Pugsley et al. 2011). There is no difficulty 
obtaining well-characterized standards for Ge4+ and Ge0 (metal) and several 
standards with these valence states were examined (Table 5.5). 
Five Ge4+ standards were prepared: Ge4+O2 in the quartz form (q-GeO2), and four 
Ge-doped glasses quenched from melts that were synthesized in air, at which high 
fO2, all Ge should be Ge4+. The q-GeO2 sample was prepared by firing GeO2 
powder at 1060 ºC for 24 h in air. The glass samples were made using the 
CMAS7G composition, doped with different concentrations of GeO2 (~300 ppm, 
~3000 ppm and 3 wt%). These mixes were loaded into Pt capsules. The capsules 
were welded shut at one end, but only crimped at the other end, and suspended in a 
furnace. The 300-ppm and 3-wt% samples were heated in the furnace together at 
1284 ºC, and the 3000-ppm sample was heated in a separate experiment at 1330 ºC. 
All samples were heated for four hours before quenching in water. An additional 
sample was prepared by heating a batch of CMAS7G, doped with ~3000 ppm 
GeO2, in an alumina crucible at 1300 ºC for 15 minutes (in air) before quenching 
into water. These samples are listed in Table 5.5. 
Two Ge0 standards were used, prepared by Ridgway et al. (2004). One sample was 
prepared by implanting Ge atoms into 2-µm thick amorphous silica. These Ge 
atoms should be dispersed throughout the silica at a concentration of 3 × 1017 
atoms cm-2. A second sample was prepared by annealing the Ge-implanted silica at 
1100 ºC, which led to the formation of crystalline Ge nanoparticles 5–10 nm in 
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size. These two standards were used rather than a pure crystalline Ge metal, 
because they should better represent how Ge0 might be present in the silicate melt: 
either as dissolved Ge0 or as Ge metal nuggets. 
 
Table 5.5. List of standards used for comparison to glasses made at low fO2. 
Sample Expected 
speciation 
Details Synthesis 
q-GeO2 Ge4+ GeO2 in quartz form 1 atm, 1060 ºC, 24 h, prepared for 
Chapter 2 
B1-080316 Ge4+ ~3000 ppm GeO2 1 atm, 1300 ºC, 15 min, Al2O3 crucible, 
prepared for Chapter 2 
E02/12/13A Ge4+ ~300 ppm GeO2 1 atm, 1287 ºC, 4 h, Pt capsule 
E02/12/13B Ge4+  ~3 wt% GeO2 1 atm, 1287 ºC, 4 h, Pt capsule 
E04/11/13*  Ge4+ ~3000 ppm GeO2 1 atm, 1330 ºC, 4 h, Pt capsule 
Ge (imp)  Ge0 Ge in SiO2, implanted  (Ridgway et al. 2004) 
Ge (ann)  Ge0 Ge in SiO2, annealed (Ridgway et al. 2004) 
*The sample E04/11/13 was only used for EXAFS. 
 
Sample characterisation 
Quenched samples were mounted in epoxy, sectioned and polished. The glass 
samples were checked using an optical microscope for the presence of quench 
crystals. Glass samples were also examined under Type A immersion oil (refractive 
index, n, =1.515) using a Nikon Eclipse LV100POL microscope fitted with a Plan 
Apo 100× objective (numerical aperture = 1.4, ∞/0) to check for the presence of 
micro-nuggets. Nuggets were observed in all of the ambient-pressure glass samples. 
Major element concentrations were determined for several ambient-pressure glasses 
to confirm that the compositions were similar to that of the starting material. Major 
element concentrations were also determined for olivine and melt phases in all 
partitioning experiments. Samples were analysed using a Hitachi S4300 SE/N 
Field Emission Scanning Electron Microscope (FE-SEM) fitted with an Oxford X-
Max EDS detector. The operating conditions were 15 kV accelerating voltage, 
0.600 nA beam current, and a working distance of 25 mm. Standards were MgO for 
Mg, albite for Al, sanidine for Si, diopside for Ca, TiO2 for Ti, Co metal for Co, 
and La8Sr2Ge6O26 for Ge. Point analyses were used for crystals, but in most cases 
area analyses were used for the melt phase of the partitioning experiments to 
include quench crystals in the composition. For the ambient-pressure glass samples, 
point analyses were used to avoid the metal nuggets. The composition of the metal 
nuggets was also determined using EDS. 
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Trace element concentrations in all samples were determined by Laser-Ablation 
Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS). An excimer laser 
with a wavelength of 193 nm and a pulse rate of 5 Hz was used. This system was 
coupled to an Agilent 7700 ICP-MS using He+Ar as the carrier gas. Samples were 
ablated for ~40 s with ~20 s of background measured for each spot. The external 
standard was NIST 610 glass; Si was used as the internal standard, determined by 
SEM. The spot size used was between 37–47 µm for glass samples. For samples 
containing olivine and melt, a 28 µm spot size was typically used, however a 22 µm 
spot was used for sample D2270 which contained smaller olivines than the other 
samples. To improve the detection limit, some analyses of large olivines in D2357 
were made with a 47 µm diameter spot. An in-house Excel spread sheet was used 
to reduce the data. 
Compositions of Ge-Co metal alloys in the partitioning experiments were obtained 
using an electron probe microanalyser (EPMA). A CAMECA SX 100 was used in 
WDS mode, with operating conditions of 20 kV and 20 nA. A 20–50 µm diameter 
beam was used to get an average composition over the fine quench textures of the 
metal alloy. Ge and Si were measured on a TAP crystal at the L-α and K-α lines 
respectively. Ni and Co was measured on a LLIF crystal at the K-α line. Ge, Si and 
Co metals were used as standards.  
X-ray absorption spectroscopy 
Ge K-edge XANES and EXAFS spectra were recorded at the X-ray Absorption 
Spectroscopy (XAS) beamline of the Australian Synchrotron. The x-ray energy was 
selected using a liquid nitrogen cooled Si (111) crystal; high-energy harmonics were 
rejected by Rh coated mirrors. To calibrate the energy, a spectrum of Au foil was 
recorded in transmission mode, and the first peak in the derivative spectrum was 
defined to be 11919.7 eV. The beam size was ~ 0.5 × 0.5 mm, and the beamline 
energy resolution was 1.67 eV at the Ge K-edge.  
XANES spectra were recorded in fluorescence mode using a 100-element Ge 
detector. To avoid any systematic variations of white line intensity with count rate, 
the distance between the detector and the sample was varied to maintain count 
rates between 18,000 s-1 and 25,000 s-1 for XANES spectra. EXAFS spectra were 
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recorded at 10 K using a cryostat with a count rate at the end of the scan of 
75,000 s-1 for all spectra. Energy ranges and step sizes are given in Table 5.6. 
 
Table 5.6. Energy ranges and step sizes used to acquire XANES and EXAFS spectra. 
 Pre-edge Edge Post-edge 
Energy ranges 10903 – 11083 eV 11083 – 11153 eV 11153 – 11488 eV 
Step sizes – XANES 8 eV 0.25 eV 0.1 Å-1 to k=10 
Step sizes – EXAFS 8 eV 0.5 eV 0.035 Å-1 to k=16 
 
The spectrum of Ge in SiO2 (implanted) was recorded in a previous experiment 
(described in Chapter 2). This spectrum was shifted in energy -0.37 eV to account 
for systematic differences between spectra recorded in the two experiments (2013 
and 2016, as described in Chapter 2). 
For each scan, the signals from all detector elements were averaged and divided by 
the incident photon flux using the programs Average or Sakura. Normalisation and 
background subtraction of spectra, as well as linear combination fitting and fitting 
of EXAFS spectra were performed using the programs ATHENA and ARTEMIS 
(Ravel and Newville, 2005).  
5.3 Results 
Experimental products (ambient-pressure glasses) 
Sub-micron metal nuggets were present in all of the ambient-pressure experiments, 
but EDS analysis showed that these were Re, not Ge. This is supported by LA-
ICPMS data – down-hole ablation profiles of Re show large spikes indicating the 
presence of nuggets, but spikes are not seen in the down-hole ablation profiles of 
Ge. In high-pressure experiments (both glasses and low-fO2 partitioning 
experiments), clusters of metal nuggets are seen near the edges of the capsule or 
near grain boundaries, but these were easily avoided during analysis.  
The product of an ambient-pressure experiment is shown in Figure 5.3. Although 
not all of the melts quenched perfectly to glass beads, the fraction of quench crystals 
was small in most cases.  
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Figure 5.3. Backscattered electron image of sample D30/11/15. 
 
The ambient-pressure glass samples were all made using the same starting material, 
so their compositions are not expected to differ. The composition of several 
samples were determined using EDS and shown to be very close to that of the 
nominal starting composition (see Table 5.7). However, the Ge concentration 
differs greatly between samples. In general, more reduced samples contain less Ge 
dissolved in the melt, probably due to its greater volatility, and/or lower solubility, 
at lower fO2. Ge concentrations were also quite heterogeneous within the samples. 
The standard deviations on average concentrations were typically around 20%, but 
up to 57% in D14/04/16. In general, the concentration of Ge was lower near the 
edges of the sample than in the middle. The concentrations of Ge in each sample 
are listed in Table 5.2. 
 
Table 5.7. Major element compositions for selected samples.   
 D17/12/15 sd D19/12/15 sd D21/01/16 sd D30/11/15  
n 3  3  3  2  
MgO 2.41 0.14 2.43 0.02 2.53 0.16 2.40 0.08 
Al2O3 12.29 0.68 11.73 0.31 12.42 0.36 12.17 0.09 
SiO2 58.67 1.09 58.50 0.63 57.95 0.67 58.57 0.95 
P2O5 0.08 0.14 0.63 0.56 0.00 0.00 0.38 0.13 
CaO 24.27 0.83 24.55 0.27 24.64 0.56 24.75 0.62 
GeO2 0.98 0.19 0.45 0.04 1.97 0.12 0.48 0.09 
Total 98.70 0.61 98.28 0.24 99.51 0.16 98.75 0.11 
 
The high-pressure samples contain a large blob of metal alloy at one end of the 
capsule, and many samples also contain several smaller blobs of metal. The 
compositions of the smaller blobs were typically within <1 mol% of the larger 
Re ribbon
Laser pit
Glass
1 mm
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mass, and all analyses were averaged for calculating fO2. The Ge concentrations of 
the glasses in the high-pressure samples are given in Table 5.3. 
fO2 of high-pressure samples 
The fO2 of the high-pressure samples was calculated using the Co-CoO (or Ni-NiO) 
equilibrium following the approach described by Kegler and Holzheid (2011) for 
the Fe-FeO equilibrium. This approach results in the equation:  
 ∆ M–MO = 2 ∙ log!MO ∙ !MO!M ∙ !M  
Equation 5.1 
 
where M is the metal used in the experiment (Co or Ni), ∆[M–MO] is the logfO2 
relative to the buffer (Co–CoO or Ni–NiO), X is the mole fraction and γ is the 
activity coefficient (with subscripts indicating the species). 
The activity coefficients of CoO and NiO in silicate melts are 1.51 ± 0.28 and 2.70 
± 0.52 respectively. These values were determined from a wide range of 
compositions by Holzheid et al. (1997). Activity coefficients of Ni or Co in the 
metal phase were obtained from thermodynamic studies of the binary Ge–Co or 
Ge–Ni liquid alloys (Ishida and Nishizawa, 1991; Nash and Nash, 1987). These 
activity coefficients were reported as a function of composition in the alloys, in 
increments of 10 mol%. In order to estimate the activity at the specific 
concentration measured in our samples, the reported data was resampled at a fine 
scale using a spline interpolation method. Some of the alloys in the experiments 
also contain Si (see Table 5.8), which I assume has negligible effect on the activity 
coefficients of Co or Ni.  
Once values for Δ[Co–CoO] or Δ[Ni–NiO] were determined, they were converted 
to values of ΔIW. The IW buffer is 2.37 log units below the Co–CoO buffer, and 
3.83 log units below the Ni–NiO buffer at 1500 ºC and 1 bar (O’Neill and 
Pownceby, 1993). The effect of pressure on the fO2 of the buffers is similar for all 
the buffers used in this study at 1 GPa (Frost, 1993), so the ΔIW values were 
calculated by adding 2.37 or 3.83 log units to the values of Δ[Co–CoO] or Δ[Ni–
NiO] respectively. 
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Table 5.8. Compositions of metal alloys in high-pressure experiments, CoO or NiO 
concentration in the melt, and calculated fO2 relative to IW. 
 Ge in alloy 
(mol%) 
Co (or Ni*) 
in alloy 
(mol%) 
Si in alloy 
(mol%) 
CoO (or NiO*) in 
melt (mol%) 
ΔIW 
Glass experiments 
C5201* 36.6 (9) 63.4 (8)* n.d. 0.025 (1) * -1.3 (2) 
C5204 41.1 (2) 58.7 (2) 0.11 (2) 0.41 (2) -0.9 (2) 
C5206 38.2 (2) 61.7 (3) 0.10 (1) 2.05 (1) 0.4 (2) 
C5234 38.5 (3) 61.3 (3) 0.10 (2) 1.86 (5) 0.3 (2) 
Partitioning experiments 
D2270 30.2 (17) 41.1 (21) 28.8 (24) 7 (1) × 10-6 -9.5 (2) 
D2357 36.0 (15) 51.2 (5) 12.7 (13) 2.0 (5) × 10-5 -7.2 (3) 
D2368-i 44.1 (6) 55.7 (6) 0.12 (4) 0.44 (1) -0.7 (2) 
D2368-ii 45.2 (4) 54.7 (5) 0.15 (4) 0.39 (2) -0.7 (2) 
*C5201 contains Ni, whereas all other samples contain Co. 
 
X-ray absorption spectroscopy 
Representative XANES spectra are shown in Figure 5.4 for samples D12/04/16, 
made at ΔIW -3.0, and B1-080316, made in air. The spectra are well normalised to 
the pre- and post-edge regions.  Even at this scale, there are large differences 
between the spectra.  
 
 
Figure 5.4. Normalised XANES spectra of samples B1-080316 (air) and D12/04/16 (ΔIW -3.0). 
 
Figure 5.5 shows spectra of samples prepared at a range of fO2, along with the 
spectra of q-GeO2 and two forms of Ge metal. The spectra of the three glasses 
prepared in air are similar to the spectrum of q-GeO2, indicating that Ge4+ is the 
only species stable in the sample made in air (spectrum ‘t’ is an anomaly that will 
be discussed in the next section). In the glass prepared at the lowest fO2 (IW -3.0, 
spectrum labelled ‘c’), the speciation or local environment of Ge must be different 
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to that of the high-fO2 glasses, because the absorption edge is shifted to lower 
energy. This shift in the spectrum is not likely to indicate the presence of Ge0 in the 
low-fO2 glass, because the spectra of reference Ge0 samples (‘a’ and ‘b’) have a 
different shape and their absorption edge occurs at even lower energy. Therefore, I 
assign the spectrum of the lowest fO2 glass sample to be representative of Ge2+. In 
spectra of glass samples made at intermediate fO2 conditions, I interpret the two 
peaks to reflect the presence of both Ge2+ and Ge4+ in the samples.  
Beam damage 
Previous studies have found that the energy imparted to the sample by the X-ray 
beam can cause multivalent elements to change their valence state. For example, 
Alessi et al. (2013) report oxidation of U, Wilke et al. (2008) report reduction of S, 
and Ferreira et al. (2013) report reduction of Fe. It was therefore necessary to 
investigate whether the valence state of Ge was affected by the X-ray beam. 
To assess whether any beam damage occurred, two spectra were recorded 
consecutively at the same spot on samples D12/04/16 and D17/04/16 (prepared at 
IW-3 and IW-2.5 respectively). The spectra are very similar; the only change is a 
slight (~2%) decrease in the intensity of the white line in the second spectrum from 
each sample. This does not rule out the possibility of beam damage in the first few 
minutes of the first scan, but there was no way to test whether this occurred at the 
XAS beamline. Monitoring intensity at a single energy as a function of time was 
not possible because the detector had a slow response time to significant changes in 
count rate. The fact that a Ge2+ spectrum is observed consistently, even after two 
scans at the same spot, indicates that the Ge2+ species is stable under the X-ray 
beam.  
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Figure 5.5. Ge K-edge XANES spectra plotted as normalised intensity (left panel) and the first 
derivative of normalised intensity (right panel). Spectra are plotted in order of increasing oxygen 
fugacity from the top down. Black curves are glass samples, grey curves are model 
compounds. In the left panel, numerical labels are the oxygen fugacity relative to IW; ‘Air’ 
indicates the sample was prepared in air. Vertical dashed lines are plotted at 11105.0 eV, 
11106.5 eV and 11110.4 eV as guides to the eye. The letter labels indicate the specific 
samples, listed in Table 5.9. 
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Table 5.9. List of samples corresponding to spectra shown in Figure 5.5. 
Label ∆IW Sample Scan no. 
a – Ge (imp) 7203 
b – Ge (ann) 6432 
c -3 D12/04/16 6384 
d -2.5 D17/04/16 6380 
e -1.75 D28/01/16 6488 
f -1.5 D25/01/16 6413 
g -1.5 D16/04/16 6385 
h -1.3 C5201 6490 
i -1 D15/12/15 6410 
j -1 D14/04/16 6388 
k -0.86 C5204 6623 
l -0.5 D18/12/15 6487 
m 0 D30/11/15 6386 
n +0.34 C5234 6615 
o +0.41 C5206 6622 
p +0.5 D19/12/15 6389 
q +1 D17/12/15 6390 
r +2 D21/01/16 6387 
s Air E021213B 6611 
t Air E021213A 6617 
u Air B1-080316 6323 
v – Sd-Quartz 7155 
 
However, I did not repeat the test for samples that only contained Ge4+. As will be 
discussed in the next section, there is a possibility that a small amount of Ge4+ was 
reduced by beam damage to Ge2+ in samples prepared at high fO2. 
Effect of concentration 
Since the concentrations of Ge in the ambient-pressure, low-fO2 samples varied 
widely (hundreds of ppm at the lowest fO2 to ~2 wt% at ΔIW +2.0), it was 
important to see if there was any effect of Ge concentration on the spectra. The 
spectra of a series of samples prepared in air are shown in Figure 5.6. It can be seen 
that the spectrum of the 300-ppm sample is somewhat different to the spectra of the 
samples containing 3000 ppm and 3 wt% Ge. The spectrum of the sample with the 
lowest concentration of Ge exhibits a small shoulder on the low-energy side of the 
absorption edge. This shoulder may be a feature of the Ge4+ spectrum that is only 
visible at low concentrations. However, it is at the same energy as the absorption 
edge of the Ge2+ spectrum, suggesting the possibility of a component of Ge2+ in the 
sample.  
If this shoulder does represent Ge2+, it is unlikely that the Ge2+ was stable during 
the experiment, which was conducted in air. The shoulder is more likely to be a 
product of beam damage. For example, if a fixed amount (e.g. 30 ppm) of Ge4+ was 
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reduced to Ge2+ by the X-ray beam, this would be clearly visible in the spectrum of 
the 300-ppm sample but not in the spectra of the 3000-ppm or 3-wt% samples. 
Linear combination fitting will be used to determine how much Ge2+ this sample 
may contain.  
 
Figure 5.6. Ge K-edge XANES spectra of glasses containing different concentrations of Ge 
(E021213A, 300 ppm; B1-080316, 3000 ppm; E021213B; 3 wt%). 
 
Linear combination fitting 
Linear combination fitting was used to quantify the Ge speciation in each glass 
sample, by assuming that the low- and high-fO2 end-member spectra (D12/04/16 
and B1-080316) represent the pure species Ge2+ and Ge4+ respectively. This 
assumption is justified by the observation that the greatest changes in spectral 
shape, reflecting changes in speciation, occur for samples made between ΔIW +2.0 
and ΔIW -2.0. Beyond these limits, the spectra remain constant, indicating a 
constant speciation of either Ge2+ or Ge4+ within the resolution of the spectroscopy. 
Therefore, these end-member Ge2+ and Ge4+ spectra were combined to reproduce 
the intermediate fO2 spectra. An example of a fit is shown in Figure 5.7.  
As described earlier, E02/12/13A deviates from this trend. If this shoulder on the 
absorption edge is assumed to represent Ge2+, possibly formed by beam damage, 
linear combination fitting can be used to estimate the proportion of Ge2+ in the 
sample. As shown in Figure 5.8A, a combination of 10.6 % of the Ge2+ end-
member (D12/04/16) and 89.4 % of the Ge4+ end-member (B1-080316, 3000 ppm 
Ge) produces a good fit to the spectrum of E02/12/13A. If the 3-wt% Ge sample is 
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used as the Ge4+ end-member, the proportions are 13.1 % Ge2+ and 86.9 % Ge4+, 
but the fit is not as good (Figure 5.8B). 
 
 
Figure 5.7. Example of the linear combination fit (green) to the spectrum of sample D18/12/15 
(black). The yellow and blue curves show the 2+ (D12/04/16) and 4+ (B1-080316) components 
of the fit, which are weighted at 66.7 % and 33.3 % respectively. 
 
 
Figure 5.8. Linear combination fits (green) to the spectrum of sample E02/12/13A (black). (A) 
and (B) use different end-member spectra for the Ge4+ component: B1-080316 (3000 ppm Ge) 
is used in (A), and E02/12/13B (3 wt% Ge) is used in (B). The Ge2+ end-member used is 
D12/04/16 in both cases.  
 
The results of the linear combination fits for all samples are plotted in Figure 5.9. 
As expected, a sigmoidal shape defines the transition from Ge2+ to Ge4+. The slope 
of the sigmoid shown in Figure 5.9 can be defined thermodynamically by 
considering the reaction describing reduction of Ge4+ to Ge2+: 
Ge4+O2 ⇌ Ge2+O+
1
2
O2 
Equation 5.2 
 
The equilibrium coefficient, Keq, for Equation 5.2 is: 
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!!" = !Ge2+O ∙ !Ge2+O ∙ (!!!)!/!!Ge4+O2 ∙ !Ge4+O2  
Equation 5.3 
 
where X is the mole fraction, and γ is the activity coefficient. By taking the 
logarithm, Equation 5.3 can be rewritten as 
log !Ge2+O!Ge4+O2 = − 12 log !!! + log!!" − log !Ge2+O!Ge4+O2 
Equation 5.4 
 
The activity coefficient term can be incorporated into the equilibrium constant term 
if it is assumed that activity coefficients for GeO and GeO2 in a given melt 
composition are constant (Henry’s Law). This is valid if the concentrations of Ge 
are low, although for the higher-fO2 samples, Ge concentrations could be a few 
wt%. Making the assumption that Henry’s Law holds, we define 
log!′!" = log!!" − log !Ge2+O!Ge4+O2 
Equation 5.5 
 
where K’eq is the equilibrium constant for a given melt composition. By rearranging 
Equation 5.5, we can then write 
 
Ge4+
ΣGe
=  11+ 10!!!∙!"#!!!!!"#!!!" 
Equation 5.6 
 
where ∑Ge = Ge4+ + Ge2+. Equation 5.6 describes oxidation state as a sigmoidal 
function of logfO2 for a two-electron transition. Fitting the ambient-pressure data to 
this equation gives logK’eq = -6.0 ± 0.2. Fitting the high-pressure data to this 
equation gives logK’eq = -4.9 ± 0.7. 
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Figure 5.9. Linear combination fitting results for glass samples. End-members used in the fits 
were B1-080316 (3000 ppm Ge) and D12/04/16 for Ge4+ and Ge2+ respectively. Errors on the fit 
parameters are smaller than the size of the symbols. Black circles indicate ambient-pressure 
experiments and red circles indicate high-pressure experiments. The solid black and red curves 
are fits to the data using the Equation 5.6. 
 
To compare these two values, the difference in the fO2 of the IW buffer at 1200 ºC 
and 1500 ºC (3.14 log units, as shown in Figure 5.9) must be taken into account. In 
Equation 5.6, logfO2 is multiplied by 0.5, so to compare logK’eq values we simply 
add or subtract 0.5 × 3.14 log units. Therefore the value of logK’eq for the high-
pressure, 1500 ºC data (-4.9 ± 0.7) is equivalent to -6.5 ± 0.7 at 1200 ºC, which is 
within error of the value obtained for the ambient-pressure, 1200 ºC data (-6.0 ± 
0.2).  
The choice of the Ge4+ end-member spectrum used in the linear combination fitting 
has only a small effect on the results. In Figure 5.9, the Ge4+ end-member spectrum 
used was B1-080316 (3000 ppm Ge), but the fit results are very similar if the 
spectrum of E02/12/13B (3 wt% Ge) is used. The results are different if 
E02/12/13A (300 ppm Ge) is used as the end-member, because of the shoulder 
that resembles a Ge2+ component in the spectrum (Figure 5.6). The fit results 
therefore predict a smaller amount of Ge2+ in each of the spectra around the 
transition. Nevertheless, the resulting sigmoidal curve is within error of that shown 
in Figure 5.9, and the choice of end-member used in the fitting therefore has no 
bearing on the conclusions of this study. 
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EXAFS 
The EXAFS spectrum of Ge2+ is very different to that of Ge4+. Figure 5.10 shows 
the EXAFS and Fourier transforms for a glass sample containing Ge2+ 
(D12/04/16), one containing Ge4+ (E04/11/13), and q-Ge4+O2.The EXAFS are 
highly damped in the Ge2+ spectrum, and the Fourier transform indicates that the 
Ge–O bond length is longer than in Ge4+. 
 
 
Figure 5.10. (A) Ge K-edge EXAFS spectra and (B) the Fourier transforms of the EXAFS 
spectra of D12/14/16 (Ge2+), E04/11/13 (Ge4+), and q-GeO2 (Qz). Black curves are the spectra 
and red curves are fits to the spectra. Dashed line in (B) is a guide to the eye. 
 
The EXAFS spectra were fit using the ARTEMIS software, after merging and de-
glitching the spectra using ATHENA. Four paths were used to fit the reference 
material, q-GeO2: single scattering from first-shell O, single scattering from second-
shell Ge, single scattering from third-shell O and double scattering from first-shell O 
and second-shell Ge. The data was fit in R space, over the range 1.0–3.2 Å, and a k-
range of 3–14. These four paths contributed most to the spectrum and adding more 
paths did not improve the fit.  
To fit the glass samples, only one path was used – single scattering from first-shell 
O. In all cases the spectra were fit in R-space over the range 1.0–2.0 Å. E04/11/13 
was fit over a k-range 3–14, whereas the range was only 3–10 for D12/04/16 due to 
the damped data. The EXAFS fit parameters for each spectrum are listed in Table 
5.10. Fits are plotted along with the spectra in Figure 5.10. 
For the Ge4+–bearing glass, E04/11/13, the coordination number (N) was fixed at 
4 and the other parameters were allowed to vary in the fit. For the Ge2+–bearing 
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glass, D12/04/16, three fits were performed. In the fit listed in Table 5.10 and 
plotted in Figure 5.10, the coordination number was allowed to vary, while S02 was 
fixed at the value obtained in the fit to the Ge4+–bearing glass. Two further fits, in 
which the coordination number was fixed to 4, produced very similar results. 
 For the glass containing Ge4+ (E04/11/13, synthesised in air), the bond length is 
1.750 ± 0.005 Å assuming a coordination of 4; hence the ionic radius of Ge4+ is 
0.37 Å, taking the ionic radius of O2- in tetrahedral coordination as 1.38 Å from 
Shannon (1976). This value compares quite well with the ionic radius of Ge4+ in 
tetrahedral coordination (rtet) of 0.39 Å listed by Shannon (1976), and with the 
value of 0.38 Å for Ge4+ in the tetrahedral sites of oxide spinels of O’Neill and 
Navrotsky (O’Neill and Navrotsky 1983). 
In contrast, the bond length for Ge2+–O from the glass D12/04/16 synthesised at 
IW-3.0 is 1.89 ± 0.03 Å, giving rtet of 0.51 ± 0.03 Å. This is in good agreement with 
Ge2+–O bond lengths in the only structurally characterized oxide compounds with 
Ge2+ coordinated to O2-, namely GeCl(H2PO2), NaGe4(PO4)3, and Ge2(H2PO2)6, 
which range from 1.86 to 1.95 Å (Cempírek and Groat 2013). The Ge2+ in these 
compounds has the distorted tetrahedral coordination of a triangular pyramid, with 
a “stereochemically active lone pair of electrons oriented opposite to the triangle of 
anions” (Cempírek and Groat 2013), suggesting that tetrahedral coordination may 
be important in stabilizing Ge2+ in minerals and melts. The coordination number 
obtained by EXAFS fitting is 3.4 ± 1.0, which is also consistent with this 
conclusion.  
Shannon (1976) does not list a value for the ionic radius of Ge2+ in this 
coordination, but gives 0.73 Å for Ge2+ in octahedral coordination (roct); this comes 
from Ahrens (1952), who proposed an heuristic method for estimating the ionic 
radii of poorly known cations based on ionization potentials. Nevertheless, taking 
this estimate at face value, we can make an estimate for rtet for Ge2+ as follows. The 
ratio rtet/roct of divalent cations with similar roct, namely Co, Fe, Mg, Mn, Ni and 
Zn, as given by Shannon (1976), is 0.80 ± 0.01, suggesting rtet for Ge2+ should be 
0.582 ± 0.09 Å, somewhat larger than our measurement of 0.51 ± 0.03  Å. If the 
latter is correct, it would mean that rtet for Ge2+ was smaller than that for any other 
divalent cation except Be2+, for which rtet is much smaller at 0.27 Å. For 
comparison, rtet for Mg2+ is 0.57 Å (Shannon 1976). 
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Table 5.10. EXAFS fit parameters for spectra of Ge4+ standards, q-GeO2 and E04/11/13, and 
the Ge2+-bearing glass, D12/04/16.  
 q-GeO2 (Ge4+) E04/11/13 
(Ge4+) 
D12/04/16 
(Ge2+) 
Path [Ge]–O.1 [Ge]–
Ge.1 
[Ge]–O.2–
Ge.1 
[Ge]–O.3 [Ge]–O.1 [Ge]–O.1 
N 4 4 8 4 4 3.4 (10) 
S02  0.95 (6) 0.953 0.953 0.953 0.87 (5) 0.87 
σ2 (Å2) 0.0034 (7)  0.0021 (6) 0.008 (12) -0.001 (2)*  0.0017 (6) 0.008 (5) 
E0 (eV) 5.7 (8) 5.7 5.7 5.7 6.0 (9) 9 (4) 
Δr (Å) 0.018 (5) 0.012 (10) 0.02 (8) -0.05 (2) 0.011 (5) 0.15 (3) 
       
Reference 
path length 
(Å) * 
1.739 3.153 3.316 3.406 1.739 1.739 
Path length 
in sample 
(Å) ** 
1.757 (5) 3.165 (10) 3.34 (8) 3.35 (2) 1.750 (5) 1.89 (3) 
N is the degeneracy (for first-shell oxygens, this equals the coordination number), S02 is the 
amplitude reduction factor, σ2 is the mean square relative displacement, E0 is the difference in 
reference energy compared to the standard, Δr is the change in half-path length compared to 
the ‘reference path length’. *The ‘reference path length’ is calculated from lattice parameters of 
GeO2 (Smith and Isaacs, 1964). ** The ‘path length in sample’ is calculated by adding Δr to the 
‘reference path length’. Paths are from the central atom [Ge] to one or more surrounding atoms. 
For example, [Ge]–O.1 refers to scattering from first-shell oxygen atoms. Errors on the last digit 
are provided in parentheses; values without errors quoted were constrained in the fit. *The 
negative value of σ2 obtained for the [Ge]–O.3 path of q-GeO2 does not make physical sense, 
but it is within error of zero.  
 
Partitioning experiments 
Experimental olivine–melt partitioning results 
A typical run product from a partitioning experiment is shown in Figure 5.11. 
Concentrations of major and trace elements in olivine and melt are listed in Table 
5.11 and Table 5.12, respectively. Olivine–melt partition coefficients are given in 
Table 5.13. 
 
Figure 5.11. Backscattered electron image of sample D2357. 
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Table 5.11. Major and trace element analyses of experimental olivines. 
 D2270 D2357 D2368-i D2368-ii C4444 D2413 
Major elements by FE-SEM (wt%) 
n 4 5 3 5 6 9 
MgO 57.7 (3) 57.5 (3) 56.5 (3) 56.7 (2) 57.2 (4) 57 (9) 
Al2O3 0.16 (1) 0.14 (2) 0.15 (3) 0.18 (4) – – 
SiO2 43.0 (2) 42.8 (2) 42.5 (2) 42.5 (2) 42.7 (2) 42.9 (6) 
CaO 0.13 (2) 0.07 (6) 0.12 (4) 0.11 (2) – – 
CoO – – 0.79 (1) 0.7 (2) – – 
Total 101.0 (4) 100.5 (5) 100.1 (4) 100.3 (5) 99.9 (5) 100 (1) 
Trace elements by LA-ICPMS (ppm, unless specified) 
n 5 3 8 6 7 10 
Na – – – – 1.3 (2) bdl 
Al2O3 (wt%) 0.062 (5) 0.074 (6) 0.106 (1) 0.105 (1) 0.017 (1) 0.0214 (7) 
CaO (wt%) 0.08 (2)  0.074 (4) 0.11 (1)  0.10 (2)  0.044 (2) 0.06 (1) 
P – – – – 42 (2) 53 (6) 
K – – – – bdl bdl 
Sc 26 (1) 40 (2) 46.5 (5) 46.8 (6) 26.0 (5) 42 (1) 
Ti – 220 (14) 63.4 (8) 65 (2) 3.0 (2) 23 (2) 
V 149 (18)  31 (2) 252 (3) 257 (6) 4 (1) 2.2 (1) 
Cr – – – – 2.6 (2) 1.2 (2) 
Mn – 220 (2) 779 (4) 759 (8) 8.9 (4) 634 (11) 
Fe – – – – 74 (7) 49 (5) 
Co 0.15 (3) n=4 1.79 n=1 0.66 (3) wt% 0.59 (3) wt% 22.6 (2) 3.53 (9) 
Ni – – – – 359 (5) 45 (3) 
Zn – 7.8 (3) n=2 250 (3) 255 (3) 17 (1) 254 (5) 
Ge < 0.27* < 0.068* 1409 (53)  1146 (50)  1759 (36) 1275 (32) 
Sr – 0.092 n=1 0.2 (1) 0.14 (2) 0.02 (3) 0.3 (3) 
Y 52 (3) 16.7 (3) n=2 21.7 (3) 21.0 (2) 50 (1) 17.6 (7) 
Zr – 1.2 n=1 1.3 (1) 1.34 (7) 0.14 (3) 1.03 (9) 
Ba – bdl – – bdl 0.5 (5) 
Hf – 2.25 n=1 – – 0.009 (3) 2.3 (2) 
*Maximum values reported for Ge in D2270 and D2357 are the lowest detection limit for Ge 
obtained from LA-ICPMS for the respective samples. n = number of analyses. bdl = below 
detection limit. Numbers in parentheses are one standard deviation on the last digit. 
 
The fO2 of these partitioning experiments has been calculated using the Co-CoO 
equilibrium (see Table 5.8). However, it was also possible to calculate fO2 using the 
partitioning of V between olivine and silicate melt. Equation 5 from Mallmann and 
O’Neill (2013) was used for this purpose. This equation is only calibrated for an fO2 
range of between four log units above and below the quartz-fayalite-magnetite 
(QFM) oxygen buffer and so it is appropriate to use for samples D2368-i and -ii 
only. For these two samples, the logfO2 ∆IW values calculated are 2.47 ± 0.05 for 
D2368-i, and 2.26 ± 0.10 for D2368-ii. These values are around three log units 
higher than the values calculated using the Co–CoO equilibrium, which gave ∆IW -
0.7 ± 0.2 for both samples (see Table 5.8). 
Mallmann and O’Neill (2013) also describe a geothermometer based on the 
partition coefficients of Y and Sc. This is applied to the samples in this chapter as a 
check that the nominal temperature of the experiment (1500 ºC) was in fact the 
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temperature at which the samples equilibrated. Equation 3 in Mallmann and 
O’Neill (2013) was used and the calculated temperatures are listed in Table 5.13. 
Calculated temperatures are all within one standard deviation of 1500 ºC except for 
sample C4444. This sample was made using a capsule that had been previously 
used in an experiment that did not quench correctly, so it is possible that this has 
influenced the Y and Sc distribution in the sample.  
 
Table 5.12. Major and trace element analyses of experimental melt. 
 D2270 D2357 D2368-i D2368-ii C4444 D2413 
Major elements by FE-SEM (wt%) 
n 9 6 4 5 8 8 
MgO 27 (2) 29.9 (2) 27.8 (5) 28 (3) 36.6 (5) 30.5 (4) 
Al2O3 10.8 (9) 10.2 (1) 11.7 (6) 11 (1) 7.4 (3) 9.9 (3) 
SiO2 55.8 (6) 53.5 (2) 50.0 (3) 50.9 (8) 47.1 (3) 48.4 (7) 
CaO 6.0 (5) 4.56 (5) 6.1 (1) 5.1 (6) 3.37 (8) 4.4 (1) 
TiO2 – 0.48 (2) 0.95 (6) 0.91 (8) – – 
CoO – – 0.715 (6) 0.59 (3) – – 
GeO2 – – 1.124 (8) 1.24 (7) – – 
Y2O5 – – – – 1.09 (3) 0.1 (2) 
BaO – 0.98 (7) 1.00 (4) 1.0 (1) – 1.39 (6) 
Total 99.3 (3) 99.5 (4) 99.4 (6) 99.11 (8) 95.6 (5) 95 (1) 
Trace elements by LA-ICPMS (ppm, unless specified) 
n 2 9 7 5 8 9 
Na – – – – 359 (7) 466 (15) 
Al2O3 (wt%) 9.3 (2) 9.2 (1) 10.1 (3) 9.74 (6) 1.75 (6) 2.33 (5) 
CaO (wt%) 5.07 (5) 4.48 (8) 5.5 (2) 4.51 (7) 2.24 (7) 2.86 (9) 
P – – – – 64.4 (7) 181 (6) 
K – – – – 191 (5) 320 (21) 
Sc 212 (2) 324 (3) 349 (14) 336 (4) 170 (2) 304 (10) 
Ti (wt%) – 0.244 (5) 0.43 (1) 0.409 (5) 0.0052 (2) 0.322 (5) 
V 32.69 (8) 11 (2) 781 (13) 741 (10) 919 (22) 765 (19) 
Cr – – – – 12.2 (3) 3.0 (5) 
Mn – 371 (3) 1421 (30) 1394 (23) 25.4 (0.7) 1321 (39) 
Fe – – – – 636 (24) 383 (10) 
Co 0.09 (1) 2.1 (5) 0.46 (1) wt% 0.41 (2) wt% 22.2 (3) 2.72 (5) 
Ni – – – – 175 (6) 16 (3) 
Zn – 11.9 (3) 352 (7) 343 (6) 33.6 (4) 336 (17) 
Ge (wt%) 0.0011 (1) 0.0015 (3) 0.91 (1) 0.88 (2) 0.309 (3) 0.218 (2) 
Sr (wt%) – 0.169 (1) 0.189 (5) 0.178 (2) 0.00130 (4) 0.159 (4) 
Y (wt%) 0.931 (3) 0.281 (3) 0.31 (1) 0.294 (3) 0.72 (2) 0.263 (9) 
Zr (wt%) – 0.141 (1) 0.160 (5) 0.153 (2) 0.0159 (3) 0.134 (3) 
Ba (wt%) – 0.79 (1) – – 0.00128 (4) 0.73 (2) 
Hf (wt%) – 0.195 (2) – – 0.00037 (1) 0.179 (4) 
n = number of analyses. Numbers in parentheses are one standard deviation on the last digit. 
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Table 5.13. Olivine–melt partition coefficients, D, for the elements indicated. 
 D2270 D2357 D2368-i D2368-ii C4444 D2413 
Al 7.3 (6) × 10-3 8.0 (6) × 10-3 1.05 (4) × 10-2 1.08 (1) × 10-2 9.4 (7) × 
10-3 
0.0092 (4) 
Ca 0.018 (5) 0.0164 (9) 0.021 (2) 0.022 (3) 0.020 (1) 0.020 (4) 
P – – – – 0.66 (3) 0.29 (4) 
Sc 0.136 (7) 0.123 (5) 0.134 (5) 0.140 (3) 0.153 (4) 0.139 (7) 
Ti – 9.0 (6) × 10-2 1.48 (5) × 10-2 1.59 (6) × 10-2 4 (5) × 10-3 7.1 (6) × 
10-3 
V 5.0 (6) 2.8 (5) 0.323 (7) 0.347 (9) 4 (1) × 10-3 2.9 (2) × 
10-3 
Cr – – – – 0.22 (2) 0.41 (9) 
Mn – 0.592 (8) 0.55 (1) 0.54 (1) 0.35 (2) 0.48 (2) 
Fe – – – – 0.12 (1) 0.13 (1) 
Co 1.9 (5) 0.9 (2) 1.44 (6) 1.5 (1) 1.01 (2) 1.30 (4) 
Ni – – – – 2.05 (8) 2.8 (6) 
Zn – 0.66 (3) 0.71 (2) 0.74 (1) 0.52 (3) 0.76 (4) 
Ge < 0.03* < 0.005* 0.155 (6) 0.131 (6) 0.57 (1) 0.59 (2) 
Sr – 5.44 (5) × 10-5 1.2 (7) × 10-4 8 (1) × 10-5 2 (2) × 10-3 2 (2) × 10-4 
Y 6.1 (4) × 10-3 6.0 (1) × 10-3 7.0 (3) × 10-3 7.2 (1) × 10-3 6.9 (2) × 
10-3 
6.7 (4) × 
10-3 
Zr – 8.52 (7) × 10-4 8.1 (5) × 10-4 8.7 (5) × 10-4 9 (2) × 10-4 7.7 (7) × 
10-4 
Hf – 1.16 (1) × 10-3 – - 2.5 (9) × 
10-3 
1.3 (1) × 
10-3 
       
T** 1466 (53) 1491 (30) 1496 (37) 1500 (16) 1468 (24) 1484 (49) 
*Maximum values reported for Ge in D2270 and D2357 are based on lowest detection limit for 
Ge in olivine in these samples (Table 5.11). **Temperature (ºC) calculated using the Sc/Y 
geothermometer of Mallmann and O’Neill (2013). 
 
Figure 11 shows the Ge partition coefficient plotted against fO2. In the two most 
reduced samples, Ge was not detected in the olivines by LA-ICPMS. The Ge 
detection limit for D2357 was much better than for D2270, because the crystals 
were larger in D2357, allowing a larger spot size to be used. Sample D2357 
therefore provides the best estimate of the maximum partition coefficient for Ge2+ 
as 0.005, indicating that Ge2+ is highly incompatible. This is very different to Ge4+, 
which has olivine-melt partition coefficients of 0.58 ± 0.01 (Table 5.13). 
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Figure 5.12. Partition coefficients of C4444, D2413, D2368-i, and D2368-ii. Values of logfO2 for 
each sample were calculated from the Co–CoO equilibrium. The maximum partition coefficient 
for D2357 is shown as a downward arrow, and the horizontal bar is the error on the fO2 
calculated. IW and RRO indicate the iron–wüstite and Ru-RuO2 buffers respectively. The red 
curve is a fit to the data using Equation 5.7. 
 
These data can be fit to a sigmoidal equation (see Equation 19 in Mallmann and 
O’Neill 2009):  !!" (!"#$)!"!!"#$ = !!"!!!"!!"#$ ∙ !!!! ∙ !!! !!.! + !!"!!!"!!"#$!′!" ∙ !!! !!.! + 1  
Equation 5.7 
 
where K’eq is the equilibrium constant for a given melt composition, as defined in 
Equation 5.6. Note that Equation 5.7 is slightly different to Equation 19 of 
Mallmann and O’Neill (2009) in that the latter contains (K’hom)-1 instead of K’eq. 
However, K’eq as defined in Equation 5.6 is in fact the inverse of K’hom in Mallmann 
and O’Neill (2009), because of the way Equation 5.2 is written (Mallmann and 
O’Neill derive K’hom from the inverse of Equation 5.2). To maintain consistency 
within this chapter, I retain the definition as given in Equation 5.6 and therefore do 
not include the negative power in Equation 5.7. 
From the partitioning data, DGe4+ol–melt is constrained to be 0.58 ± 0.01. DGe2+ol–melt is 
unknown, but based on the data, it should be  <0.005. In order to fit K’eq, DGe2+ol–melt 
was set at 0.004. This value is arbitrary and has negligible effect on the fitted value 
of K’eq, because K’eq controls only the position of the sigmoid in logfO2 space (and 
the slope is fixed by the number of electrons involved in the reaction). The fit, 
shown as the red curve in Figure 5.12, predicts K’eq = 5.5 (± 0.3) × 10-5 and 
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logK’eq = -4.3 ± 0.2. This is within error of the result obtained by fitting the XANES 
data from high-pressure experiments, which gave a logK’eq = -4.9 ± 0.7. When this 
value is converted to a logK’eq at 1200 ºC, we obtain -5.9 ± 0.2 at 1200 ºC, which is 
within error of the value obtained for the ambient-pressure data (-6.0 ± 0.2).  
However, if the fO2 of D2368-i and D2368-ii were taken from the V partitioning 
data, the logK’eq obtained is -2.94 ± 0.03. If this is converted to a 1200 ºC value we 
obtain -4.51 ± 0.03. This is not within error of any of the previous results.  
Systematics of olivine–melt trace element partition coefficients 
Partition coefficients for a number of trace elements are plotted against their ionic 
radii in Figure 5.13. If partitioning between phases was at equilibrium then the 
values for elements of the same charge that occupy the same crystallographic site 
should fall on a parabola, with the form (Brice 1975; Blundy and Wood 1994): 
 !! =  !! ∗ !"# −4!!!!! !!2 !! − !! ! + 13 !! − !! !!"  
Equation 5.8 
 
where Di is the partition coefficient as a function of ionic radius ri, NA is Avogadro’s 
number, R is the ideal gas constant, T is temperature in K, D0 is the partition 
coefficient of a fictional cation with the ‘ideal’ radius r0, and ES is the Young’s 
modulus for the crystallographic site. 
Figure 5.13 shows the partition coefficients from two partitioning experiments, 
D2413 and D2357. Equation 5.8 was fit to most of the 2+ cations: Mg, Zn, Mn, Ca 
and Sr. The partitioning of Co is not described by a simple lattice-strain model 
because of crystal field effects (Wood and Blundy 2014) and so this cation was not 
included in the fits. The multivalent element Mn is included, because at the 
conditions of these experiments, it is expected to be predominantly in the 2+ 
valence state, based on unpublished XANES spectra of synthetic MORB 
equilibrated at a range of fO2 values (Berry, A.J., pers. comm.). Partition 
coefficients for Be were also calculated using Equation 1 in Burnham and O’Neill 
(2016) in order to better constrain the fit, however the samples in this study 
contained no Be.  
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Equation 5.8 can only be fit to elements that have the same charge and occupy the 
same site, and at least three elements are required in order to constrain a parabola. 
It was therefore not possible to fit lattice strain models to the 3+ cations, because 
Al3+ substitutes on both tetrahedral and octahedral sites, leaving only Sc3+ and Y3+. 
Likewise, no fit was made for the 4+ cations. Si4+ and Ge4+ occupy the tetrahedral 
site, but Hf4+ and Zr4+ are too large for this site (Jollands et al. 2014), and Ti4+ may 
substitute via Ti-clinohumite-like defects at high pressure and/or if water is present 
(Hermann et al. 2005; Berry et al. 2007). 
The lattice strain models for 2+ cations indicate that Ge2+ does not occupy the 
octahedral site in olivine, because it has a much lower partition coefficient 
compared to other 2+ cations of similar radii. Instead, Ge2+ probably substitutes 
onto the tetrahedral site, causing distortion of this site due to its large tetrahedral 
ionic radius (0.51 Å). 
 
Figure 5.13. Partition coefficients of elements in D2413 (black) and D2357 (grey) plotted against 
their ionic radii. The black and grey curves show fits to Equation 5.8 for the 2+ cations in the 
two samples (see text for details of cations included in fits). Fit parameters are as follows: for 
D2413, D0 = 1.5 ± 1.0, Es = 1.7 (± 1.4) × 102 , r0 = 0.71 ± 0.07. For D2357, D0 = 1.2 ± 1.0, Es = 
1.4 (± 1.5) × 102 , r0 = 0.72 ± 0.08. *The data for Be was calculated using Equation 1 in 
Burnham and O’Neill (2016) in order to better constrain the fit, however the samples in this 
study contained no Be. The square with the downward facing arrow marks the maximum 
partition coefficient of Ge2+ in D2357. This is plotted at the ionic radius of Ge2+ (in 6-fold 
coordination) listed in Shannon (1976). Note that Mn is likely in the 2+ valence state, as 
discussed in the text, and Ti probably in the 4+ valence state in D2413 and in the 3+ valence 
state in D2357 (Mallmann and O’Neill 2009). 
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5.4 Discussion 
Partitioning and coordination of Ge2+ 
The XANES spectra presented in this work show clear evidence for the stability of 
Ge2+ in silicate melts, and the partitioning data indicate that Ge2+ is highly 
incompatible in olivine.  
Our results indicate that tetrahedral coordination may be required to stabilise Ge2+. 
Previous work found that Ge2+ occurs in a distorted tetrahedral coordination in 
phosphate compounds (Cempírek and Groat 2013). The bond lengths obtained 
from EXAFS in this study are also consistent with a tetrahedral coordination of 
Ge2+ in silicate melt. Furthermore, in olivine, Ge2+ probably occupies the 
tetrahedral site, because its partition coefficient is much lower than would be 
expected if it substituted on the octahedral site Figure 5.13.  
The highly incompatible behaviour of Ge2+ can be explained in light of this, as it is 
too large to be comfortably accommodated on the tetrahedral site in olivine. In 
contrast, in the silicate melt structure is flexible enough to accommodate the large 
cation in a distorted tetrahedral coordination. Therefore Ge2+ is preferentially 
partitioned into the melt phase. If this line of reasoning holds, Ge2+ is likely to be 
incompatible in all rock-forming silicate minerals, because none of these minerals 
contain suitably large tetrahedral sites.  
Finally, if tetrahedral coordination is required in the melt for the stability of Ge2+, 
this raises the question of whether Ge2+ will remain stable at high pressures. Ge2+ 
was still observed at 1 GPa in this study, but this is not enough pressure to 
substantially alter the coordination number of Ge4+ (Chapter 2). Further work at 
higher pressures is needed to test whether or not Ge2+ will remain stable or not, and 
this question is important for models of Earth’s core formation, as will be 
discussed. 
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The fO2 of the Ge4+–Ge2+ transition 
The XANES spectra show that the transition from primarily Ge4+ to primarily Ge2+ 
occurs between approximately ΔIW +2 and ΔIW -2. The scatter in the sigmoid 
(Figure 5.9) is larger than what has been observed in similar studies (e.g. Cr valence 
state; Berry and O’Neill 2004). The scatter is not likely to be due to the 
uncertainties in determining the speciation represented by a spectrum using linear 
combination fitting, because the changes in the shape of the Ge spectra are 
substantial around the transition (Figure 5.5), and the linear combination fits are 
very good (Figure 5.7). R-factor values are <0.005 for all fits shown in Figure 5.9 
(note that the reduced chi-squared is not a meaningful statistic in this context, 
because the number of independent points in a spectrum cannot be quantified). 
Therefore, this scatter in the sigmoid is likely to result from the complexity of the 
experimental design. The 1-atm experiments depend on establishing a steady state 
between Ge acquired from the vapour of the source at the bottom of the silicate 
tube (Figure 5.2), and Ge lost by vaporization. Since the vapour species is Ge2+O 
(Barton and Heil, 1970), the preferential loss of Ge2+ might upset the equilibrium 
between Ge2+ and Ge4+. This does not explain, however, the discrepancy in 
apparent Ge2+/∑Ge in the experiments in air, which may be due to beam damage, 
nor the deviations from the sigmoid among the high-pressure experiments.  
The observation that the Ge4+–Ge2+ transition occurs at around IW is consistent 
with the hypothesis based on metal–silicate partitioning data from literature studies 
(Schmitt et al. 1989; Capobianco et al. 1999; Kegler and Holzheid 2011; Siebert et 
al. 2011). However, in detail, just as these studies mostly do not agree with each 
other, the data presented in the present study also does not agree with any of the 
literature data. This could simply be because Ge2+ stability is different depending on 
the composition, temperature and pressure. 
However, the width of the transition between Ge4+/∑Ge = 0.1 to 0.9 is defined 
thermodynamically from its stoichiometry to be around four log units (Equation 
5.6). Regardless of the location of the transition in logfO2 space, reconciling these 
literature data with this width is not easy. To calculate valence states from metal–
silicate partitioning experiments requires data over an adequate range of fO2. Yet 
the ranges in the literature studies are somewhat restricted (Figure 5.1). The 
method described in this chapter, despite its difficulties, has the advantage that the 
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speciation is determined for each individual sample. Thus, it is suggested that the 
data presented here are a better estimate for the Ge4+–Ge2+ transition than any of 
the previous studies. 
Whether the partitioning data presented in this study support or contradict the 
XANES data is unclear, because of the difficulty in retrospectively estimating the 
fO2. The Ge partition coefficients of samples D2368-i and D2368-ii lie in between 
those in samples equilibrated at lower fO2 (D2270 and D2357) and at higher fO2 
(C4444 and D2413). This observation suggests that a mixture of Ge2+ and Ge4+ is 
present in samples D2368-i and D2368-ii. If the fO2 of these samples are known, a 
sigmoid can be fit to the data (Figure 5.12) and directly compared to the XANES 
results. However, the two methods for calculating fO2 produced results that differed 
by about 3 log units. Using V olivine–melt partitioning to calculate fO2 gives values 
of  ∆IW +2.47 ± 0.05 for D2368-i, and ∆IW +2.26 ± 0.10 for D2368-ii. At these fO2 
values, Ge4+ is the only species expected to be stable based on the XANES data, 
and so using this method, the partitioning data contradict the results from XANES. 
However, using the Co–CoO equilibrium, the fO2 of both samples was estimated to 
be ∆IW -0.7 ± 0.2; using this fO2 value, the partitioning data agree well with the 
results from XANES spectroscopy.  
The cause of the discrepancy between the methods of calculating fO2 is unclear. A 
number of assumptions were made in these calculations that could affect the result. 
For example, in the calculations based on the Co–CoO equilibrium, the presence of 
dissolved Si in the metal phase was assumed to have no effect on the activity of Co, 
and the composition of the metal phase was assumed to be that of the largest, or 
several largest blobs in the sample, whereas smaller metal nuggets were not 
analysed. In the calculations based on V partitioning, the equation was calibrated 
on compositions that differ to the one studied here. Any of these factors may affect 
the results, and so which method gives more accurate results is unknown.   
Implications 
Models of Earth’s core formation 
It is possible that the metal–silicate partitioning of Ge2+ during core formation has 
influenced the present-day Ge distribution in the Earth. Our results indicate that 
Ge2+ is the stable species below ~∆IW -2, and is dominant over Ge4+ up to IW. 
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Core formation in the Earth is classically thought to have occurred at an fO2 of  
~∆IW -2 (Wood et al. 2006). If metal and silicate equilibrated in a deep magma 
ocean (e.g. Li and Agee 1996; Rubie et al. 2003) the high-pressure stability and 
partitioning behaviour of Ge2+ is of critical importance, and nothing is yet known 
about the high-pressure stability of Ge2+. Other recent models of core formation 
suggest that metal and silicate may have equilibrated in highly reducing 
planetesimals, which subsequently accreted to the proto-Earth and did not 
necessarily equilibrate fully with the silicate part of the proto-Earth (e.g. Dahl and 
Stevenson 2010; Rubie et al. 2015; Fischer et al. 2017; Marchi et al. 2018). If so, the 
behaviour of Ge2+ at low pressure in these planetesimals will have influenced its 
subsequent distribution. 
In addition to the partitioning-based models of Earth’s core formation, recent work 
has attempted to use Ge isotopes to trace this process. The ∆74/70Ge fractionation 
factor between the silicate Earth and magmatic iron meteorites (a proxy for the 
Earth’s core) is ∆74/70Ge +0.85 ‰. This is at odds with the theoretical prediction of 
a negative fractionation factor between metal and silicate, assuming Ge4+ in the 
silicate (Luais 2012; Rouxel and Luais 2017). Luais (2012) suggested the 
discrepancy indicated that the isotopic composition measured for silicate materials 
is a poor estimated for the bulk silicate Earth, due to the lack of samples from the 
deep or ancient mantle. Our work suggests another factor to be taken into account: 
the predictions of fractionation factors would change if Ge2+ were assumed to be 
the stable species, because the calculations depend on oxidation state, coordination 
number and bond lengths (Li et al. 2009). The work presented in this study may 
therefore provide important information for interpreting Ge isotopic data. 
Lunar and planetary magmatism 
As well as being the stable oxidation state in the early Earth, Ge2+ is likely to be the 
stable species on the moon. The fO2 at which lunar basalts crystallised, as well as 
the fO2 of the lunar mantle, is thought to be at or below IW (Wieczorek et al. 2006). 
Ge is very depleted in the moon, but there are large enrichments in KREEP basalts 
(Dickinson et al. 1989; Haskin and Warren 1991). KREEP refers to the last, highly 
evolved magma to crystallise from the lunar magma ocean, which was enriched in 
K, REE and P. This material was then sampled by the ‘KREEP basalts’ which 
erupted onto the surface. The unusual enrichment of Ge in KREEP was a puzzle to 
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Dickinson et al. (1989), because, working with a partition coefficient of ~0.7 for 
Ge4+ (Capobianco and Watson 1982), there would be very little Ge enrichment 
through processes like fractional crystallization. Dickinson et al. (1989) therefore 
proposed a model involving lunar mantle metasomatism, which transported and 
concentrated Ge. However, the data presented here indicate that Ge2+ is probably 
the stable species on the moon, and unlike Ge4+, it is highly incompatible. Ge2+ 
would therefore be enriched in KREEP simply as a result of its incompatibility, and 
models involving lunar mantle metasomatism are probably not required. Further 
work is needed to quantify DGe2+ for olivine and other minerals before a new model 
can be quantified. 
Trace element geochemistry has also been used to investigate the magmatic 
histories of smaller planetary bodies, such as the howardite, eucrite and diogenite 
(HED) parent body, likely to be the asteroid 4 Vesta (McCord et al. 1970; 
Consolmagno and Drake 1977). Trace element analyses of the HED meteorites 
have been used to investigate the nature of Vesta’s mantle, the extent of melting 
and the present-day structure of the asteroid (Consolmagno and Drake 1977; Barrat 
et al. 2010; Consolmagno et al. 2015; Hahn et al. 2017). There is some, albeit 
limited, data for Ge contents in eucrites (Kitts and Lodders 1998), indicating that 
eucrites, like lunar basalts, are depleted in Ge relative to terrestrial basalts and 
martian meteorites (Lodders 1998). Based on these data, and assuming a partition 
coefficient of Ge between silicate minerals and melts of ~1, Ruzicka et al. (2001) 
suggested that Ge was strongly depleted in the source regions of eucrite melts 
through the segregation of metal (i.e. during core formation). If Ge2+ were the 
stable species in Vesta, the data presented in this study implies an even stronger 
depletion of Ge in the source regions of eucrites. However the overwhelming signal 
is likely the volatility of Ge, which is greater at low fO2. 
5.5 Conclusion 
Germanium has not been analysed routinely with other trace elements in 
geochemical studies, because little variation in Ge concentration is observed in 
crustal and mantle rocks. This homogeneity is a result of the mineral–silicate melt 
partition coefficient of Ge4+ being close to unity, preventing any significant 
fractionation during magmatic processes in the relatively oxidised conditions of the 
present-day upper mantle and crust of the Earth. However, in more reducing 
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conditions, Ge2+ may become stable, with the Ge4+–Ge2+ transition occurring over 
the range from IW +2 and IW -2. Ge2+ behaves very differently to Ge4+, being 
highly incompatible, although further experiments are needed to quantify Ge2+ 
partitioning. Ge2+ may have been the stable species in the reducing conditions of a 
magma ocean on the early Earth (and/or in the planetesimals that accreted to form 
the Earth), and in magmas generated on the moon. This work may be important in 
understanding Ge isotopic fractionation, and suggests that further work on Ge 
geochemistry could provide insights into magmatic processes in reducing 
environments. 
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Chapter 6: Concluding remarks 
6.1 Discussion 
Despite the importance of trace element partitioning in models of magmatic 
processes, little research has been done so far to investigate the pressure-induced 
coordination changes of trace elements and how these affect partitioning. This 
thesis extends the previous work on Ni2+, Co2+ and Lu3+ (Keppler and Rubie 1993; 
Jones 2012; de Grouchy et al. 2017) to include Ge4+ and Ga3+. 
The work presented in Chapter 2 shows that both Ge4+ and Ga3+ undergo 
coordination changes with pressure, from around 1–2 GPa to at least 10 GPa in 
annealed glasses. The coordination change began at higher pressures (2–3 GPa) in 
quenched melts. Several compositions were studied for Ge4+ and indicate that the 
coordination changes at a greater rate with pressure in more depolymerised 
compositions. Thus, pressure-induced coordination changes of these trace elements 
would be expected to occur in natural melts in the Earth’s mantle. 
The influence of these coordination changes on the partitioning behaviour of the 
trace elements is not well established. The olivine–melt partitioning behaviour of 
Ge is predicted to become more compatible with pressure using equations of state 
(that do not incorporate coordination changes). This is not observed; as shown in 
Chapter 4, Ge4+ becomes slightly more incompatible with pressure (up to 4.5 GPa, 
the maximum pressure of the experiments). More work is needed to unravel the 
influence of the changing molar volumes, configurational entropy and enthalpy on 
the partition coefficients, as well as the influence of Al coordination changes, which 
may affect activity coefficients of trace elements. 
In Chapter 3, the potential effect of major element coordination on that of trace 
elements is investigated. A strong correlation between Ga3+ and Al3+, and a weaker 
correlation between Ge4+ and Al3+, suggests that Al coordination changes might 
‘encourage’ both trace elements to also change their coordination. This is the first 
evidence for a possible link between major and trace element coordination. 
Whether such a link would extend to other trace elements is unknown; Ge4+ and 
Ga3+, being network formers, might be influenced more strongly by modifications 
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to the tetrahedral network than trace elements that are network modifiers. This is 
worth further investigation. If coordination changes of major elements do affect the 
coordination of many trace elements, this would be very important for interpreting 
and predicting changes in trace element partition coefficients with pressure.  
Finally, the results presented in Chapter 5 show that Ge2+ is indeed stable in silicate 
melts at low fO2, and probably at the conditions of core formation in the Earth. 
Preliminary partitioning experiments show that Ge2+ is highly incompatible. 
Whether Ge2+ also undergoes pressure-induced coordination changes is unknown. 
Limitations of the results 
A key unknown that may affect the results presented in this thesis is the volatile 
content of the samples. The presence of dissolved volatiles in the glasses studied in 
Chapters 2 and 3 may affect the glass transition temperature, and if this changes 
systematically with pressure, it may be obfuscating our interpretations of pressure-
induced changes. Volatiles may also influence the partition coefficients found in 
Chapter 4 and 5. To ensure accurate interpretations of the results, future work will 
determine the amount of dissolved volatiles in the samples using infra-red 
spectroscopy. 
Directions for future work 
There are several interesting results from this thesis that warrant further 
investigation, including the relationship between major and trace element 
coordination changes, the influence of coordination changes on trace element 
partitioning, and the stability and partitioning behaviour of Ge2+. 
The relationship between major and trace element coordination changes could be 
investigated further by determining coordination changes of several trace elements 
in glasses of CMAS7G composition, for which the pressure-dependence of Al 
coordination is now known. As a starting point, I suggest investigating Lu 
coordination state to validate the results obtained from in situ X-ray diffraction by 
de Grouchy et al. (2017). Further work on Ni, Co and W coordination at pressures 
>4.5 GPa would also be valuable (Jones 2012). Similar work on more basaltic melt 
compositions would also be of interest, since Al and Ge coordination changes 
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appear to increase more steeply with pressure in more depolymerised compositions 
(Chapter 2; Wolf and McMillan 1995).  
Partitioning experiments, in principle, could provide valuable information about 
silicate melt structure. Chemical diffusion is too slow to change upon quenching 
the experiment, so the measured partition coefficients should reflect the structure of 
the melt at high pressure and temperature. However, interpreting the relationship 
between melt structure and partition coefficients is difficult. Studying the structure 
of glasses directly as an analogue for the melt can help with this interpretation, but 
suffers from the limitation that the compositions studied usually differ. Melt 
compositions used in olivine–melt partitioning experiments are MgO-rich, but 
MgO-rich melts have high liquidus temperatures and do not easily quench to glass 
from high pressure and temperature. This means that synthesising ‘quenched melts’ 
of these compositions from high pressures is not possible. However, if glasses of an 
MgO-rich composition could be quenched at ambient pressure, perhaps these 
glasses could be annealed near Tg to provide information on their high-pressure 
structures. To my knowledge, no previous studies have investigated the structure of 
a glass that has the same composition as a melt used in a partitioning experiment. 
This would be very valuable.  
A better thermodynamic treatment of the effect of pressure on partition coefficients, 
taking coordination changes into account is also needed. As described in Chapter 3, 
most existing equations of state do not account for coordination changes. 
The stability of Ge2+ also needs further investigation, because so far, the stability of 
this species has only been determined for one composition, pressure and 
temperature. Furthermore, given the likelihood that Ge2+ was the stable species at 
the time of core formation in the Earth, it would be important to determine whether 
Ge2+ undergoes pressure-induced coordination changes. This could be determined 
relatively easily up to pressures around 5 GPa by synthesising melts in graphite 
capsules as described for the Ge2+ partitioning experiments. Further work to 
determine the olivine–melt partition coefficient of Ge2+ is also needed. 
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6.2 Conclusion 
There is a great deal we do not know about how trace elements are incorporated 
into silicate melts, and the effect of coordination changes on trace element 
partitioning. This thesis extends the limited work on trace element coordination 
environments in silicate melts to Ge4+ and Ga3+. Both of these cations increase their 
coordination number with pressure, and their coordination changes may be affected 
by changes in Al3+ coordination. This is the first evidence for a link between major 
and trace element coordination changes. The pressure-dependence of the 
partitioning behaviour of Ge4+ is likely to be affected by its coordination change, 
and possibly also by the coordination change of Al3+, but predicting the pressure-
dependence of trace element partitioning is not possible with existing equations of 
state. Finally, Ge2+ was likely to be the stable species at the time of Earth’s core 
formation, and is probably also stable on the Moon and other planetary bodies. The 
highly incompatible nature of Ge2+ can explain Ge enrichments in lunar KREEP 
basalts without invoking lunar mantle metasomatism.  
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Chapter 7: Supplementary Material 
7.1 Preparation of model compounds 
GeO2 in the quartz form (q-GeO2) was synthesized by firing GeO2 powder at 1060 
°C for 24 h in a box furnace. GeO2 in the rutile form was synthesized from q-GeO2 
in a silver capsule at 2.0 GPa and 900 °C for 24 h.  
Mg2GeO4 in the olivine form was synthesized from stoichiometric proportions of 
MgO and GeO2. The powders were mixed under acetone and fired as a pellet at 
1000°C for 6 days in a box furnace. The ol-Mg2GeO4 was converted to a spinel 
form (spl-Mg2GeO4) in a graphite capsule at 1150 °C, and 2.5 GPa for 14 h.  
CaGeO3 in the wollastonite form was synthesized from stoichiometric proportions 
of CaCO3 and GeO2, mixed thoroughly under acetone, and then fired as a pellet at 
1200 °C for 24 h to decarbonate. Wollastonite-CaGeO3 was converted to the garnet 
form in a graphite capsule at 900 °C and 2.0 GPa for 20 h. 
MgGeO3 enstatite was synthesized from stoichiometric proportions of MgO and 
GeO2. The powders were mixed under acetone and fired in a box furnace for 12 h 
at 1200 °C.  
β-Ga2O3 was synthesized from reagent grade Ga2O3 by firing it in air at 1300 °C for 
12 hours. 
A sample of ZnGa2O3 spinel (that had been synthesised using a lead-borate flux) 
was annealed at 800 °C for one week, to ensure as much as possible of the Ga was 
on the octahedral site. 
The gallium albite NaGaSi3O8 was made by dissolving Ga metal (1.4847g) and 
Na2CO3 (1.1285g) in dilute HNO3 and adding TEOS (tetraethyl orthosilicate, 
13.3087 g), along with a small amount of ethanol and NH3. The mixture was left 
overnight, and then heated on a hot plate for 24 h. The powder was then heated 
over a Bunsen burner in a platinum crucible to burn off most of the nitrate, and 
then heated in a box furnace at ~800 °C overnight to ensure no nitrate was left.  
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For the an-CaAl2Si2O8, stoichiometric proportions of Al2O3 and SiO2 were mixed 
under acetone. 0.0106 g Ga metal was dissolved in 6 drops of concentrated nitric 
acid (70%) and some water in a volumetric flask. The flask was left on a hot plate 
for several h and put in an ultrasonic bath for a few min until the Ga was dissolved. 
Distilled water was added to make up the volume to 25 ml. 4.7 ml of this solution 
was added to the powdered oxide mix, and this was mixed for 15 min and left to 
dry overnight in a fume hood. The dry mix was heated slowly as a pellet to 500° C, 
and then powdered again, and CaCO3 was mixed in under acetone. The resulting 
mix was pelletised and decarbonated by firing at 1050 °C. The sample was 
reground and pelletised once more, and fired at 1500 °C in air for 24 hours. The 
signal-to-noise of the XRD pattern is poor, but the only phase present is an-
CaAl2Si2O8. 
The Ga-doped corundum was synthesised as a by-product of an attempt to 
synthesise Ga-doped kyanite. Stoichiometric proportions of Al2O3 and SiO2 
powders were mixed with the Ga nitrate solution previously made for the anorthite. 
This mixture was left to dry overnight, then pressed into a pellet and fired at 1050 
°C overnight. The pellet was crushed and the powder loaded into a graphite 
capsule, which was run in a piston cylinder apparatus at 1000 °C and 2.0 GPa for 
24 h. 
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7.2 Major element compositions of glass samples 
This section contains compositional analyses, made using FE-SEM, of glass 
samples prepared for Chapters 2 and 3. 
 
Table 7.1. Compositions (wt%) of selected samples (CMAS7G) prepared for Chapter 2.  
 C4485 C4486 D1585 D1591 D1572 
n 3 3 3 3 3 
SiO2 58.4 (2) 58.7 (3) 58.2 (3) 58.2 (2) 56.8 (2) 
Al2O3 12.31 (8) 12.33 (8) 12.19 (4) 12.15 (1) 11.7 (1) 
MgO 2.26 (6) 2.47 (7) 2.23 (5) 2.28 (1) 2.23 (2) 
CaO 24.39 (4) 24.6 (1) 24.2 (2) 24.5 (2) 23.29 (6) 
Total 97.3 (3) 98.2 (4) 96.8 (4) 97.1 (2) 94.1 (3) 
 uhppc-251 uhppc-250 MA1117 MA1118 MA1121 
n 3 3 8 5 3 
SiO2 56.5 (4) 58.1 (3) 60.7 (6) 60 (2) 61 (1) 
Al2O3 11.80 (8) 12.1 (1) 12.7 (3) 13.0 (8) 13.5 (5) 
MgO 2.17 (8) 2.24 (2) 2.45 (8) 2.4 (2) 2.4 (1) 
CaO 23.5 (1) 24.2 (1) 23.5 (4) 24.0 (5) 22.9 (4) 
Total 93.9 (4) 96.7 (5) 99.4 (9) 100 (2) 100.3 (7) 
Note MA1117, MA1118 and MA1121 are annealed glass samples; all others are quenched 
melts. n is the number of analyses. One standard deviation on the last digit is given in 
parentheses. 
 
Table 7.2. Compositions (wt%) of selected samples (CMAS7G) prepared for Chapter 3.  
 C4901 D1842  C4900 C4904 D1840 C4892 C4905 
n 2 2 1 1 1 1 1 
SiO2 58.3 (6) 57 (1) 57.44 58.13 57.63 57.60 56.96 
Al2O3 11.81 (0.8) 11.8 (2) 11.71 11.69 11.84 11.76 11.84 
MgO 2.23 (5) 2.30 (3) 2.08 2.31 2.73 2.26 2.23 
CaO 23.8 (1) 22.5 (2) 22.46 22.38 22.89 22.40 22.79 
Total 96.1 (5) 94 (1) 93.70 94.50 95.09 94.02 93.82 
All are quenched melts. n is the number of analyses. One standard deviation on the last digit is 
given in parentheses. 
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Table 7.3. Compositions (wt%) of selected samples in the CMAS7A pressure series prepared 
for Chapter 1.  
 D1602 C4493 D1590 D1592 C4506 
n 3 3 3 3 3 
SiO2 53.9 (12) 54.3 (2) 52 (2) 49.3 (1) 50.6 (4) 
Al2O3 14.98 (1) 14.98 (3) 14.4 (7) 13.63 (8) 13.94 (8) 
MgO 11.46 (7) 11.62 (7) 11.0 (5) 15.09 (9) 10.71 (8) 
CaO 14.54 (4) 14.52 (9) 14.0 (6) 13.16 (7) 13.7 (2) 
Total 94.8 (2) 95.41 (3) 91 (4) 91.2 (2) 89.0 (7) 
All are quenched melts. n is the number of analyses. One standard deviation on the last digit is 
given in parentheses. 
 
Table 7.4. Compositions (wt%) of samples in the NHPG-1 pressure series prepared for Chapter 
2.  
 E131113 D1637 D1635 D1368 C4563 uhppc253 
n 3 2 1 1 1 1 
SiO2 59.1 (9) 58.2 (4) 59.29 58.32 58.58 58.11 
Al2O3 14.07 (9) 14.52 (6) 14.63 14.54 14.89 14.62 
MgO 6.1 (1) 6.61 (3) 6.62 6.66 6.77 6.76 
CaO 7.9 (3) 8.3 (2) 8.31 8.17 8.23 8.33 
TiO2 3.8 (2) 3.82 (7) 3.94 3.63 3.84 3.71 
Na2O 2.84 (5) 3.2 (2) 3.37 3.86 3.95 3.98 
K2O 1.61 (2) 1.72 (6) 1.81 1.91 1.97 1.80 
P2O5 0.52 (2) 0.44 (6) 0.40 0.44 0.47 0.42 
Total 95.8 (5) 96.8 (1) 98.37 97.52 98.69 97.73 
All are quenched melts. n is the number of analyses. One standard deviation on the last digit is 
given in parentheses. 
 
 
Figure 7.1. Analytical totals plotted against pressure for quenched melts, as an estimate of how 
water content might vary with pressure. Where there are no error bars on a data point, only one 
analysis was made for that sample.  
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7.3 Ge and Ga concentrations in glasses 
Ge and Ga concentrations and presence or absence of vesicles in glass samples 
prepared for Chapter 2. 
 
Table 7.5. Ge and Ga concentrations and presence of vesicles in glass samples.  
Sample Name n Ga (ppm) sd Ge (ppm) sd Vesicles observed? 
Quenched melts doped with Ge	
C4496 3	 14	 0	 2108	 14	 no	
D1602 3	 17	 0	 2679	 14	 yes	
D1601 3	 7	 0	 2041	 24	 yes	
D1591 3	 11	 0	 2444	 34	 yes	
D1597 4	 20	 0	 2783	 16	 yes	
D1598 4	 15	 0	 2435	 25	 yes	
C4503 4	 19	 0	 2320	 17	 yes	
D1605 5	 18	 0	 2474	 9	 yes	
D1611 5	 18	 0	 2346	 42	 no	
C4519 4	 8	 0	 2255	 13	 yes	
D1609 4	 18	 0	 2805	 19	 yes	
D1608 3	 11	 0	 2901	 32	 yes	
Quenched melts doped with Ga	
E16/11/13A 3	 2456	 30	 6	 1	 N/A	
E16/11/13B 3	 1956	 2	 3	 0	 N/A	
E16/11/13C 4	 2291	 27	 3	 1	 N/A	
E16/11/13D 3	 1928	 9	 5	 1	 N/A	
E16/11/13E 3	 2181	 46	 4	 0	 N/A	
E16/11/13F 3	 2469	 25	 11	 0	 N/A	
E19/11/13D 3	 1950	 14	 2	 0	 N/A	
E19/11/13E 3	 1845	 7	 2	 0	 N/A	
E19/11/13F 3	 2424	 16	 2	 0	 N/A	
E23/10/13A 3	 1912	 158	 2825	 133	 N/A	
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Table 7.5. (Continued) 
Sample Name n Ga (ppm) sd Ge (ppm) sd Vesicles observed? 
Quenched melts doped with Ge 
NHPG-1 pressure series 
E13/11/13 3	 10	 0	 2189	 191	 no	
D1637 3	 11	 0	 2216	 22	 no	
D1635 3	 11	 0	 2248	 23	 no	
D1638 3	 11	 0	 2062	 11	 no	
C4563 3	 11	 0	 2088	 18	 no	
uhppc253 3	 11	 0	 2208	 5	 no	
CMAS7A pressure series 
E15/10/13 5	 16	 0	 2665	 82	 N/A	
D1602* 3	 17	 0	 2679	 14	 no	
D1588 3	 17	 0	 2855	 15	 yes	
C4491 3	 17	 0	 2761	 36	 yes	
D1589 3	 18	 0	 2950	 16	 yes	
C4493 3	 16	 0	 2791	 12	 yes	
D1590 4	 17	 0	 2861	 10	 no	
D1592 3	 17	 0	 3764	 3	 yes	
C4506 4	 16	 0	 3357	 25	 no	
CMAS7G pressure series 
E23/10/13B 2	 10	 0	 2566	 86	 N/A	
B1-080316 6	 2051	 97	 2883	 87	 N/A	
C110416 3	 2179	 189	 2832	 90	 N/A	
D05/04/16 8	 2376	 254	 2905	 110	 N/A	
D1591 3	 11	 0	 2444	 34	 no	
C4490 3	 12	 0	 2477	 27	 no	
D1586 3	 9	 0	 2028	 10	 no	
D1584 3	 12	 0	 2544	 39	 no	
C4484 3	 11	 0	 2439	 22	 no	
D1576 3	 2134	 15	 2538	 23	 no	
uhppc271 1	 10	 –	 2464	 –	 no	
C4485 4	 10	 0	 2426	 27	 no	
C4486 3	 11	 0	 2456	 8	 no	
D1585 3	 11	 0	 2515	 7	 no	
D1572 5	 1838	 38	 975	 87	 no	
uhppc-251 3	 11	 0	 2543	 32	 no	
uhppc-367 1	 2226	 –	 2669	 –	 no	
uhppc-369 1	 2257	 –	 2769	 –	 no	
uhppc-250 4	 11	 0	 2616	 20	 no	
uhppc-258 3	 2189	 9	 2678	 13	 no	
uhppc-365 5	 2284	 8	 2719	 10	 no	
uhppc-370 1	 2226	 –	 2731	 –	 no	
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Table 7.5. (Continued) 
Sample Name n Ga (ppm) sd Ge (ppm) sd Vesicles observed? 
Quenched melts doped with Ga 
CMAS7G pressure series 
E23/10/13A* 3	 1912	 158	 2825	 133	 N/A	
B1-080316* 6	 2051	 97	 2883	 87	 N/A	
D1604 5	 2095	 10	 2550	 13	 yes	
D1580 3	 2105	 4	 2613	 11	 yes	
D1578 3	 2049	 14	 2501	 16	 yes	
D1576 3	 2134	 15	 2538	 23	 yes	
D1574 4	 1855	 9	 2307	 11	 no	
D1577 3	 2171	 30	 2586	 35	 yes	
D1572* 5	 1838	 38	 975	 87	 no	
uhppc-367 1	 2226	 –	 2669	 –	 no	
uhppc-369 1	 2257	 –	 2769	 –	 no	
uhppc-258 3	 2189	 9	 2678	 13	 no	
uhppc-365 5	 2284	 8	 2719	 10	 no	
uhppc-370 1	 2226	 –	 2731	 –	 no	
Annealed glasses doped with Ge and Ga, unless specified 
D2210 1	 2066	 –	 2885	 –	 N/A	
D2212 3	 2035	 18	 2911	 104	 N/A	
D2208 1	 2218	 –	 2842	 –	 N/A	
C5232 1	 2140	 –	 2838	 –	 N/A	
D2209 1	 2215	 –	 2811	 –	 N/A	
C5199 4	 2171	 63	 2990	 46	 N/A	
C5231 1	 2409	 –	 2827	 –	 N/A	
D2125 4	 3475	 182	 2351	 211	 N/A	
D2189 (Ge scan only) 5	 2168	 55	 2910	 119	 N/A	
D2213 1	 2095	 –	 2889	 –	 N/A	
D2173 4	 2136	 60	 2954	 29	 N/A	
D2207 1	 2243	 –	 3181	 –	 N/A	
C5228 1	 2246	 –	 2936	 –	 N/A	
uhppc357 (Ga only) 4	 1915	 81	 431	 139	 N/A	
uhppc358 (Ga only) 6	 1855	 448	 685	 387	 N/A	
uhppc372 1	 2032	 –	 2968	 –	 N/A	
MA-1117 3	 2166	 53	 3020	 47	 N/A	
MA-1121 1	 2155	 –	 2905	 –	 N/A	
MA-1118 2	 2063	 52	 2943	 7	 N/A	
n is the number of analyses. Vesicle observations are only for high-pressure samples (all 
ambient-pressure samples are expected to contain vesicles). 
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7.4 Ge2+ in annealed glasses 
In this appendix I will present a more detailed justification for my interpretation 
that Ge2+ is present in the annealed glasses, and my approach for processing the 
data. 
The spectra of all annealed glasses exhibit a shoulder on the low-energy side of the 
absorption edge (Figure 7.2). This shoulder is only observed in the spectrum of a 
single quenched melt sample (Figure 7.2B, D1572). 
Let’s begin by discussing the most anomalous sample: D2125. The spectrum of 
D2125 shows a large peak at ~11108.3 eV, and the spectrum is similar to spectra 
containing a mixture of Ge2+ and Ge4+ presented in Chapter 5 (Figure 5.5, e.g. 
sample D14/04/16). Indeed, linear combination fitting (Figure 7.3) produces a 
good match to the spectrum of D2125 by combining 67.1 % of the Ge2+–
endmember spectrum (D12/04/16, Chapter 5), 28.2 % of the [4]Ge4+–endmember 
spectrum (B1-080316), and 0.5% of the [6]Ge4+–endmember spectrum (rt-GeO2). 
If D2125 does contain 67.1% Ge2+, the Ge in the sample must have been reduced at 
some point during sample synthesis. Probably, this reduction occurred during the 
synthesis of the quenched melt B1-030216, which was used as the starting material 
for D2125. This starting material was synthesised by melting an oxide mixture 
(CMAS7G composition) in a graphite crucible for 15 minutes at 1300 ºC. The 
graphite crucible may have imposed a low fO2 on the melt, leading to reduction of 
Ge from 4+ to 2+, as well as more rapid volatile loss of Ge. This could explain the 
large inferred Ge2+ component in the XANES spectrum of the resulting annealed 
glass (D2125), as well as explaining the lower concentration of Ge in D2125 
(~2300 ppm) compared with the other annealed glasses (typically ~ 2900 ppm, see 
Table 7.5). The loss of Ge due to melting the starting material in a graphite capsule 
was also observed for annealed glasses uhppc357 and uhppc358, which contained 
only 400–600 ppm Ge. Ge XANES spectra for these glasses were not recorded, but 
it would be expected that these samples would also contain a Ge2+ component. All 
other annealed glass samples were prepared from starting materials melted in 
alumina crucibles to avoid this problem. 
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Figure 7.2. The complete set of spectra 
collected for Chapter 2. Sample names are 
given to the right hand side, and pressures of 
synthesis to the left hand site of each 
spectrum. For some samples, spectra were 
collected multiple times – all spectra are 
presented in this figure. Dashed lines at 
11108.3 eV and 11112.0 eV are guides to 
the eye. Note the shoulder present in all 
annealed glass spectra (panel A), which is 
present in only one quenched melt spectrum 
(D1572, panel B). 
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Figure 7.3. Linear combination fit (green) to the Ge XANES spectrum (black) of sample D2125, 
showing components in the fit – Ge2+ (D12/04/16, yellow), [4]Ge4+ (B1-080316, blue) and [6]Ge4+ 
(rt-[6]Ge4+O2, red). Dotted lines at 11108.3 eV and 11112.0 eV are guides to the eye.  
 
Nevertheless, the other annealed glasses also show a shoulder at the same position 
as the peak in D2125. Once again, these spectra can be fit using a combination of 
three endmember spectra representing Ge2+, [4]Ge4+ and [6]Ge4+ (Figure 2.7). Fits to 
all Ge2+-bearing spectra are shown in Figure 7.4A. 
The interpretation that the shoulders represent Ge2+ implies that Ge partially 
reduced during the sample synthesis even when alumina crucibles were used for the 
starting material. In this case, it would be surprising if this reduction occurred 
during melting of the starting material. Instead it is more likely that Ge reduction 
occurred during annealing of the glasses at high pressure. No oxygen buffer was 
used in these high-pressure experiments, because it was assumed that at such low 
temperatures, including a solid-state oxygen buffer would be ineffective. Therefore, 
the fO2 in these experiments was not controlled. In contrast, the fO2 was controlled 
in the quenched melt samples using a Ru–RuO2 buffer. Sample D1572 was the only 
quenched melt sample that definitely reduced during the run, because only Ru 
metal (and no RuO2) was observed in the run product. The other run products of 
quenched melts contained either both Ru and RuO2, or RuO2 only (with the 
exception of D1592, which had no buffer exposed at the surface and could not be 
checked). Sample D1572 is therefore the only quenched melt sample that I can be 
confident had a lower fO2 than that of the Ru–RuO2 buffer, and is also the only 
quenched melt sample that exhibits a shoulder on the absorption edge of the 
XANES spectrum that is at the same energy as the white line of Ge2+. The 
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interpretation that the shoulders observed in the XANES spectra of annealed 
glasses and one quenched melt are a Ge2+ component in the spectra is therefore 
consistent with the sample synthesis procedures. 
 
 
Figure 7.4. (A) Linear combination fits (green) to the Ge XANES spectra (black) of samples 
indicated. Fit components are not shown in this figure but numerical values are given in Table 
2.8. (B) Spectra obtained after removal of the Ge2+ component and renormalisation. 
 
The Ge2+ component seems to vary systematically with pressure, as shown in 
Figure 7.5. Discounting D2125, which had a very high Ge2+ component because of 
the starting material used, the fits to the spectra indicate that the Ge2+ component 
decreases with pressure, from about 30% to 10% over the 10 GPa. The reason for 
this is unknown. 
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Figure 7.5. The variation in Ge2+ with pressure. Circles are annealed glass samples, with 
different annealing temperatures indicated by their shade: white = 760–780 ºC, grey = 700–
730 ºC, black = 600 ºC. Orange square is the quenched melt sample D1572. 
 
Figure 7.4B shows the spectra after the Ge2+ component was removed and the 
spectra renormalised. The shoulder at 11108.3 eV is minimised in these spectra, 
although small shoulders are still present in some of the spectra: D2125, which 
contained a large fraction of Ge2+, and the three highest-pressure spectra, for which 
the linear combination fits were poorer due to the larger fraction of the [6]Ge2+ 
component. While this approach is not perfect, it was the best that could be done 
with the information available. 
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7.5 27Al fit parameters 
 
Table 7.6. Parameters obtained by fitting 27Al MAS and MQMAS NMR spectra. All fits are to 
spectra collected at 14.1 T unless indicated otherwise. 
 Exp AlO4       AlO5       AlO6       
 
 
δiso dCSA CQ % δiso dCSA CQ % δiso dCSA CQ % 
  ppm ppm MHz Int ppm ppm MHz Int ppm ppm MHz Int 
C
52
32
 
MAS 62.4 11.6 6.7 76.3 31 10 6.5 5.9 -0.5 8.6 6.3 6.8 
          24.5 4 5.3 4.7         
          16 3 3.2 6.3         
MQMAS 62.8 13.1 6.8   31 10 6.5   -0.5 10 6.3   
          24.5 5 6.1           
C
52
31
 
MAS 62.8 12.2 6.5 67.8 28.5 10 6.4 16.4 -0.5 10.6 5.8 7.6 
          15.6 4.7 2.6 6.4 5.9 17.8 3.6 1.8 
MQMAS 61.4 16.5 6.5   30 13.7 6.4   -0.5 15 5.7   
                  5.9 17.8 3.6   
C
52
28
 
MAS 62.9 13.2 6.5 63.2 32 8 6.6 9.6 2 6 4 3.2 
          25.6 6 6.1 10 -5 3 6.9 7.3 
          16.8 3 3.9 6.7         
MQMAS 62.9 13.5 6.7   32 10 6.6   2 6 3.9   
          25 6 5.7   -5 3 6.7   
D
22
10
 MAS 62.6 12.5 6.5 83.5 31 12 6.5 7.2 3.5 8 5.5 3.2 
          15.3 7 2.1 6         
MQMAS 62.8 13 6.7   31 12 6.5   2 6 3.4   
D
22
12
 
MAS 63 13 6.3 79 32 3 6.5 3.3 -3 11.7 4.1 2.6 
          25 8 5.9 8.6 7 6 2 1 
          15.3 5 1.9 5.1         
MQMAS 61.1 13 6.3   32 3 6.5   -2.6 9.7 4.6   
          25 8 5.9           
D
22
09
 
MAS  63.5 12.5 6.6 71 34 10 5 4.3 0.5 6 5.3 2.2 
          28 10 7.3 14.1 -1.5 3 6 8.5 
MQMAS 62.8 12.5 6.6   34 15 5   1 6 5.3   
          28 10 7.2   -3 3 6   
D
22
13
 
MAS  63.5 13 6.5 48.3 32 20 6.6 11.5 -0.7 6 5.1 11.7 
          27 6 6.3 11.6 -5 15 6.9 9.8 
MQMAS 60 11 6.5   32 6 6.6   -0.6 6 5.5   
          25 8 6.5   -0.5 15 6.9   
C
51
99
 MAS  62.9 12.1 6.5 58.2 29 5 6 16.5 -1 3.5 6.1 18.9 
          19 5.7 6.2 6.5         
MQMAS 62.5 16 6.5   30 10 6   -0.5 12 5.5   
D
21
89
 
MAS  63.5 12 6.6 44.7 28 12 6 23.2 -1 11 5.9 25.5 
          15.5 6.9 2.1 6.7         
MQMAS 62.8 13 6   30 13 7.3   2.6 13.6 4.9   
                  -2.6 6.8 5.9   
D
22
08
 
MAS  62.8 11 6.7 76.3 28 5.2 5.5 7.7 -2 6 6 8.2 
          20 10 6.3 7.8         
MQMAS 62.8 12 6.2   34 10 6   -1.5 13 2   
          25 10 6           
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 Exp AlO4       AlO5       AlO6       
 
 
δiso dCSA CQ % δiso dCSA CQ % δiso dCSA CQ % 
  ppm ppm MHz Int ppm ppm MHz Int ppm ppm MHz Int 
D
22
07
 MAS 63.2 13.1 6.2 44 29 12 7.2 37.5 -1.5 8 5.3 18.5 
                          
MQMAS 62.8 13.1 6.6   30 12 7.2   -0.7 12 5.4   
D
21
25
 
MAS 62.3  18  4.8 49.12  30  20  5.7 29.33  1.2  9.6  6 21.55 
 
                        
D
21
73
 
MAS  64.5 15 6.7 52.44  31  11.1  8.7 32.69 1.0  7.4  6.4 14.88 
 
                        
M
A
11
25
 9.4T 
MAS 55 30.9 4.7 3.6 34.9 19.8 11.9 67.7 5 10.1 5.8 28.7 
MAS 59.5 30.9 4.7 7 34.5 19.2 12.2 60.9 3.8 10.1 6.1 32.1 
MQMAS         30 18 7.2   2.5 10.1 5.1   
B
3-
18
06
15
 
MAS 63.6 12.4 7.06 100   
  
0   
  
0 
MQMAS 62.24 12.4 7.06     
  
    
  
  
C
47
94
 
MAS  64.3 12.8 6.9 92.8 30.4 14.8 6 3.4 7.7 0.45 1.3 3.8 
MQMAS 62.7 11 6.4     
  
    
  
  
C
49
00
 
MAS 62.7 13.4 5.2 87.4 31.3 9 5.1 5.3 0.4 9.2 3.2 4.3 
  
   
  19.3 8.5 2.8 0.7 -8.1 12.3 4.7 2.7 
MQMAS  61.8 13.5 5.4   31 10 4.6   1.3 7 3.1   
    
  
  19.2 9.7 2.9     
  
  
C
48
96
 MAS 62.8 12.5 5.6 77.9 33 10 6.9 11.6 2.2 7.5 5.2 10.4 
MQMAS 63.6 12 5.6   33 10 6.9   1.5 7.5 5.4   
C
49
04
-C
49
05
 MAS 62.7 12 5.2 69.4 31.5 9.8 5.6 9.1 1.8 8.6 4.4 8.9 
  
   
  19.3 9.9 2.2 0.7 1.6 5.8 6.8 11.9 
MQMAS 62.5 12 5.3   30.8 10.2 5.7   2.2 8.9 4.4   
  
   
    
  
  1.6 5.9 6.9   
D
18
40
-
D
18
42
 
MAS 63.4 14.6 4.9 62.4 31.6 9.5 6 11.9 2.6 6.7 5.6 25.7 
MQMAS 63.7 11.2 4.9   31.6 9.6 6   3.4 7.7 5.5   
C
48
78
-
C
48
79
 
MAS 62.8 12.9 5.3 56.1 32.8 8.7 7.6 18.8 2.7 7 5.3 25.05 
MQMAS 62.7 12.9 5.2   30.8 11.3 5.7   1.3 8.4 3.8   
C
48
92
-
C
49
24
 MAS 63.4 13 5.4 41.8 32.7 8.3 7 15 2.9 10 6.1 42.9 
  
   
  19 6.05 1.9 0.3   
  
  
MQMAS 62.7 14.3 5.3   29.8 12 7   2 10 5.6   
uh
pp
c 
-
26
9-
31
4 MAS 63.5 10 5.3 26.7 30.5 8 5.5 15 1 7 5.1 57.2 
          18 9 1.5 1.2         
MQMAS 62.6 11 5.5   29.9 11 6.1   1 7 4.3   
uh
pp
c-
33
3 MAS 62.7 14.5 5.8 40.3 29.6 8.2 6.8 32.33 0.2 9.5 5.4 27.4 
MQMAS 63.2 14.1 5.8   29.7 10 6.6   0 10 5.4   
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7.6 17O fit parameters 
Table 7.7. Fit parameters used in fits to 17O spectra. 
 BO    NBO    3rd peak 
 pos dCSA CQ % pos dCSA CQ % pos dCSA CQ % 
D1679             
MAS 53 28.08 3.73 79.56 105 15 3.33 20.44     
MQMAS 63.76 28.08 4.75  102.31 40.55 0.93      
uhppc269             
MAS 64 26.51 4.52 79.72 100.31 37.41 1.01 16.77 84.76 7.43 3.1 3.51 
MQMAS 62.91 18.63 4.45  100.86 37.48 1.1  79.63 20.07 3.38  
             
 
7.7 Analyses of partitioning experiments 
Major and trace element analyses of experimental olivine and melt phases from 
partitioning experiments described in Chapter 4. 
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Table 7.8. Major and trace element analyses of experimental olivines. 
 D1515 sd C4444 sd D2413 sd C4396(3) sd 
Major elements by FE-SEM (wt%) 
n 7  6  9  4  MgO 57.3 0.4 57.2 0.4 57 0.9 57 0.1 
SiO2 42.6 0.3 42.7 0.2 42.9 0.6 42.4 0.2 
Total 99.8 0.7 99.9 0.5 100 1 99.3 0.3 
Trace elements by LA-ICPMS (ppm, unless specified) 
n 18  7  10  13  
Na bdl  1.3 0.2 bdl  10 7 
Al 158 9 165 10 214 7 315 220 
P   42 2 53 6   K   bdl  bdl    
Ca 530 55 441 22 581 115 595 250 
Sc 29.2 0.7 26 0.5 42 1 24 2 
Ti   3 0.2 23 2   
V   4 1 2.2 0.1   
Cr   2.6 0.2 1.2 0.2   
Mn   8.9 0.4 634 11   
Fe   74 7 49 5   Co   22.6 0.2 3.53 0.09   
Ni   359 5 45 3   
Zn   17 1 254 5   
Ge 2077 51 1759 36 1275 32 1795 36 
Sr   0.02 0.03 0.3 0.3   
Y 61 2 50 1 17.6 0.7 79 67 
Zr 0.16 0.04 0.14 0.03 1.03 0.09 1 2 
Ba   bdl  0.5 0.5   Hf   0.009 0.003 2.3 0.2            
 D2374 sd D1517 sd C5299 sd C4396(4) sd 
Major elements by FE-SEM (wt%) 
n 7  4  10  8  
MgO 56 1 57 0.3 57 0.6 55.9 0.8 
SiO2 42.2 0.9 42.5 0.3 42.5 0.5 41.7 0.5 
Total 98 2 99.6 0.5 99 1 98 1 
Trace elements by LA-ICPMS (ppm, unless specified) 
n 7  3  11  7  
Na 3.4 0.3 4.9 0.5 8 1 5 1 
Al 269 6 321 20 401 18 364 10 
P 41 2   44 8 43 3 
K bdl    bdl  bdl  
Ca 486 128 529 29 508 101 573 177 
Sc 23 1 20.5 0.4 21.8 0.5 21.9 0.3 
Ti 2.2 0.7   0.8 0.1 1.8 0.6 
V 4.1 0.2   5.6 0.8 0.05 0.01 
Cr 2.1 0.3   2 0.4 1.7 0.3 
Mn 5.2 0.2   5.1 0.3 5.4 0.2 
Fe 83 9   83 10 70 9 
Co 5 0.2   3.24 0.09 19.8 0.7 
Ni 297 38   15 3 107 12 
Zn 13.3 0.6     14.3 0.9 
Ge 1661 53 1622 9 1651 30 1685 51 
Sr 0.011 0.008     0.3 0.3 
Y 50 3 50 6 43 3 47 10 
Zr 0.17 0.03 0.22 0.05   0.19 0.03 
Ba bdl      bdl  
Hf 0.03 0.01     0.034 0.003 
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Table 7.8. (Continued). 
 D2411 sd D2427 sd C4451 sd C4735 sd 
Major elements by FE-SEM (wt%) 
n 8  6.00  7.00  6 8 MgO 55.4 0.3 54.7 0.2 54.4 0.4 53.6 55.4 
SiO2 42.3 0.3 42.1 0.1 41.9 0.3 41.8 42.3 
FeO* 2.04 0.08 2.5 0.1 2.06 0.06 3.41 2.04 
Total 99.7 0.6 99.3 0.4 98.4 0.7 98.7 99.7 
Trace elements by LA-ICPMS (ppm, unless specified) 
n 9  9  8  11  
Na 150 10 229 28 305 4 398 25 
Al 165 20 248 59 334 11 348 15 
P 195 51 293 137 204 21 191 17 
K bdl  56 52 bdl  bdl  
Ca 2281 169 2025 86 1774 104 1872 179 
Sc 24.6 0.5 25 1 19.5 0.5 21.9 1 
Ti 165 34 189 86 131 7 115 20 
V 0.4 0.2 0.9 0.7 0.61 0.07 0.9 0.7 
Cr 64 18 122 79 123 4 135 4 
Mn 424 10 408 8 307 3 393 10 
FeO wt% 1.4 0.08 1.63 0.09 1.67 0.02 2.7 0.1 
Co 1241 32 1244 31 1043 19 1197 38 
Ni 2390 89 2442 74 2341 82 2286 45 
Zn 37 1 36 2     
Ge 826 31 785 31 961 31 800 31 
Sr 0.012 0.002 0.05 0.04     
Y 5.8 0.4 5.9 0.9 5.2 0.2 5.2 0.5 
Zr 0.1 0.06 0.3 0.4     Ba 0.05 0.04 0.21 0.08     
Hf 0.07 0.04 0.2 0.1     
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Table 7.8. (Continued) 
 D1715 sd D1703 sd D2472 sd C4650 sd 
Major elements by FE-SEM (wt%) 
n 6  7  4  6  MgO 54.1 0.4 53.6 0.4 53.2 0.4 53.9 0.4 
SiO2 42.2 0.4 41.8 0.3 41.1 0.4 41.6 0.2 
FeO* 3.3 0.1 3.08 0.07 2.61 0.05 2.71 0.08 
Total 99.6 0.9 98.5 0.8 96.9 0.7 98.2 0.8 
Trace elements by LA-ICPMS (ppm, unless specified) 
n 5  10  8  11  
Na 489 26 420 7 400 8 230 152 
Al 391 15 337 6 362 12 278 163 
P 220 30 184 29 218 7 155 53 
K 46 31 bdl  bdl  540 559 
Ca 2006 254 1668 86 1619 72 1773 621 
Sc 29.2 0.5 20 0.3 20.9 0.4 19 1 
Ti 149 16 96 4 102 6 211 238 
V 1.1 0.5 0.68 0.06 0.58 0.03 2 3 
Cr 100 3 119 3 114 4 117 9 
Mn 550 8 371 4 315 4 322 7 
FeO wt% 2.74 0.06 2.56 0.06 1.79 0.04 2.3 0.1 
Co 1628 42 1192 20 1137 17 970 17 
Ni 2802 61 2323 67 2490 51 1935 50 
Zn 71 3   33.6 0.9   
Ge 970 28 794 15 653 9 765 14 
Sr 0.3 0.3   bdl    
Y 8 2 4.2 0.1 3.9 0.1 7 8 
Zr 0.2 0.1   0.09 0.01   Ba 0.4 0.2   Bdl    
Hf 0.10 0.02   0.045 0.008   
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Table 7.8. (Continued) 
 D1718 sd D1758 sd C4757 sd C4521 sd 
Major elements by FE-SEM (wt%) 
n 7  8  7  4  
MgO 54.4 0.7 54.4 0.4 54.4 0.4 53.5 0.7 
SiO2 41.9 0.4 41.7 0.4 41.9 0.3 41.6 0.4 
FeO* 2.6 0.2 2.26 0.06 2.06 0.06 3 0.1 
Total 99 1 98.4 0.8 98.4 0.7 98.2 1 
Trace elements by LA-ICPMS (ppm, unless specified) 
n 4  8  2  2  
Na 248 12 250 10 269 20 452 13 
Al 306 17 272 14 274.9 0.3 367 22 
P 168 43 138 19 194 28 228 37 
K 15 18 bdl  bdl  bdl  
Ca 1285 43 1127 97 1052 85 1109 68 
Sc 17.5 0.5 13.3 0.7 14 0.05 19.8 0.8 
Ti 128 25 170 99 89 3 94 6 
V 0.9 0.3 1.6 1 1 0.4 1 0.2 
Cr 109 10 114 15 85 6 60 27 
Mn 265 6 239 3 254 8 330 13 
FeO wt% 2 0.05 1.82 0.03 2.4 0.2 2.11 0.07 
Co 903 22 894 8 953 48 1111 41 
Ni 1999 16 2128 43 2299 99 1978 26 
Zn       506 23 
Ge 641 16 630 17 653 7 625 35 
Sr       bdl  
Y 4 0.4 3.1 0.6 3.53 0.09 3.5 0.2 
Zr       0.12 0.03 
Ba       bdl  
Hf       bdl  
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Table 7.9. Major and trace element analyses of experimental melt. 
 D1515 sd C4444 sd D2413 sd C4396 (3) sd 
Major elements by FE-SEM (wt%) 
n 9  8  8  6  
MgO 30.8 0.2 36.6 0.5 30.5 0.4 34.2 0.1 
Al2O3 9.9 0.1 7.4 0.3 9.9 0.3 8.9 0.2 
SiO2 50.8 0.4 47.1 0.3 48.4 0.7 49 0.1 
CaO 4.79 0.09 3.37 0.08 4.4 0.1 4.07 0.08 
Y2O5 1.68 0.04 1.09 0.03 0.1 0.2 1.46 0.05 
BaO     1.39 0.06   
Total 97.9 1 95.6 0.5 95 1 97.5 0.5 
Cl* 0.56 0.02 0.46 0.02   0.39 0.02 
Trace elements by LA-ICPMS (ppm, unless specified) 
n 11  8  9  6  
Na 459 6 359 7 466 15 388 13 
Al2O3 (wt%) 2.5 0.02 1.75 0.06 2.33 0.05 2.2 0.06 
P   64.4 0.7 181 6   
K   191 5 320 21   
CaO (wt%) 3.19 0.06 2.24 0.07 2.86 0.09 2.8 0.08 
Sc 233 3 170 2 304 10 209 4 
Ti   52 2 3218 46   
V   919 22 765 19   
Cr   12.2 0.3 3 0.5   
Mn   25.4 0.7 1321 39   
Fe   636 24 383 10   
Co   22.2 0.3 2.72 0.05   
Ni   175 6 16 3   
Zn   33.6 0.4 336 17   
Ge 3428 42 3090 25 2176 21 3233 17 
Sr   13 0.4 1594 40   
Y 9830 192 7239 181 2627 91 8834 290 
Zr 224 3 159 3 1336 32 198 5 
Ba   12.8 0.4 7324 184   
Hf   3.7 0.1 1791 35   
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Table 7.9 (Continued). 
 D2374 sd D1517 sd C5299 sd C4396 (4) sd 
Major elements by FE-SEM (wt%) 
n 8  10  6  8  
MgO 35.1 0.9 36 0.6 32.6 0.3 34.4 0.8 
Al2O3 8.7 0.3 8.3 0.2 9.2 0.2 8.6 0.2 
SiO2 48.4 0.6 48.4 0.5 49.7 0.6 48.8 0.3 
CaO 3.68 0.07 3.69 0.08 4.3 0.2 3.78 0.09 
Y2O5 1.29 0.04 1.2 0.1 1.4 0.1 1.39 0.07 
Total 97 1 97.6 0.9 97.3 0.9 96.9 0.8 
Cl*   0.4 0.03   0.11 0.06 
Trace elements by LA-ICPMS (ppm, unless specified) 
n 7  15  6  6  
Na 396 51 325 106 432 87 275 93 
Al2O3 (wt%) 1.9 0.3 2.02 0.1 2.5 0.2 2.1 0.04 
P 74 2   78 1 73 5 
K 34 2   52 18 128 57 
CaO (wt%) 2.4 0.4 2.5 0.2 3 0.3 2.4 0.2 
Sc 179 17 197 6 230 18 195 11 
Ti 53 6   64 5 28 3 
V 937 123   1123 132 3.3 0.3 
Cr 8.3 0.5   6.1 0.3 5.5 0.4 
Mn 13.5 0.6   12.3 0.4 13.2 0.6 
Fe 539 77   327 21 308 12 
Co 5.1 0.4   2.5 0.2 17.7 0.6 
Ni 160 35   7 2 49 3 Zn 20 1     17 0.9 
Ge 3114 113 3190 45 3430 112 3456 44 
Sr 14 2     10 3 
Y 7619 1272 7772 471 9648 890 8342 487 
Zr 172 22 176 11   179 9 
Ba 15 2     7 4 
Hf 4.3 0.5     4.5 0.2 
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Table 7.9. (Continued) 
 D2411 sd D2427 sd C4451 sd C4735 sd 
Major elements by FE-SEM (wt%) 
n 8  7  9  6  MgO 13.4 0.2 13.5 0.2 17.4 0.3 14.44 0.03 
Al2O3 7.21 0.07 7.12 0.06 6.44 0.07 7.1 0.2 
SiO2 40.3 0.3 39.7 0.4 39.3 0.5 39.6 0.4 
CaO 9.35 0.1 9.19 0.08 8.3 0.1 8.83 0.09 
FeO 11.6 0.1 11.7 0.2 11.7 0.2 11.8 0.2 
TiO2 4.9 0.1 4.9 0.1 4.6 0.1 4.86 0.05 
Na2O 4.33 0.08 4.28 0.05 3.77 0.07 4.27 0.04 
P2O5 1.08 0.05 1.08 0.09 1.01 0.06 1.1 0.1 
K2O 4.11 0.07 4.05 0.08 3.66 0.04 4.17 0.04 
Total 96.2 0.5 95.5 0.9 96 1 96.2 0.8 
Cl* n.d.  n.d.  0.33 0.02 n.d  Trace elements by LA-ICPMS (ppm, unless specified) 
n 7  11  7  6  Na2O (wt%) 4.46 0.01 4.4 0.03 3.77 0.01 4.199 0.007 
Al2O3 (wt%) 6.87 0.03 6.88 0.03 6.56 0.02 7.38 0.02 
P 4478 49 4477 77 3957 10 4482 12 
K2O (wt%) 9.6 0.1 9.08 0.1 7.47 0.04 8.49 0.02 
CaO (wt%) 8.6 0.1 8.7 0.2 8.07 0.01 8.58 0.06 
Sc 150.5 0.9 155 2 147.2 0.5 155.1 0.5 
TiO2 (wt%) 4.228 0.01 4.26 0.09 4.237 0.009 4.55 0.01 
V 264.4 0.9 262 4 249.8 0.7 272.2 0.5 
Cr 157 8 204 4 464 3 402 2 
Mn 505 5 511 5 532 1 548 1 
Fe 7.77 0.06 7.4 0.2 9.15 0.02 9.33 0.02 
Co 550 4 559 2 680 2 613 1 
Ni 353 8 372 7 643 9 460 10 
Zn 43.7 0.8 41 1     Ge 1127 4 1130 6 1424 3 1211 4 
Sr 31.5 0.4 31.3 0.7     Y 920 4 931 14 864 4 965 5 
Zr 202 1 203 3     Ba 60.8 0.9 61 1     
Hf 66.2 0.8 67.6 0.8     
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Table 7.9. (Continued) 
 D1715 sd D1703 sd D2472 sd C4650 sd 
Major elements by FE-SEM (wt%) 
n	 7  8  4  6  
MgO	 12.9 0.1 14.9 0.2 16.4 0.2 16.61 0.05 
Al2O3	 7.71 0.06 6.99 0.06 6.4 0.1 6.44 0.07 
SiO2	 38.9 0.4 39.4 0.4 38.5 0.3 38.8 0.1 
CaO	 7.89 0.07 8.8 0.1 8.2 0.06 8.23 0.07 
FeO	 11.3 0.2 11.8 0.2 11.48 0.02 11.7 0.1 
TiO2	 5.48 0.05 4.9 0.1 4.4 0.2 4.53 0.08 
Na2O	 4.92 0.06 3.9 0.3 3.74 0.09 3.69 0.04 
P2O5	 1.39 0.06 1.13 0.02 0.97 0.03 1.01 0.03 
K2O	 5.36 0.08 4.11 0.07 3.7 0.1 3.53 0.07 
Total	 95.9 0.7 95.9 0.9 94 1 94.6 0.4 
Cl*	 n.d  n.d  n.d  n.d  
Trace elements by LA-ICPMS (ppm, unless specified) 
n	 7  6  8  6  
Na2O (wt%)	 6.31 0.05 3.99 0.02 3.86 0.02 3.74 0.01 
Al2O3 (wt%)	 9.38 0.03 7.11 0.03 6.16 0.04 6.35 0.02 
P	 7031 35 4307 26 3974 23 3931 25 
K2O (wt%)	 15.6 0.1 8.11 0.06 8.09 0.1 7.52 0.03 
CaO (wt%)	 9.25 0.03 8.53 0.03 7.71 0.05 7.97 0.06 
Sc	 179 0.9 157.6 0.9 139.1 0.9 142 1 
TiO2 (wt%)	 5.93 0.04 4.56 0.02 3.87 0.05 4.11 0.03 
V	 411 2 269 1 228 1 268 1 
Cr	 277 4 385 3 413 4 381 4 
Mn	 712 8 544 2 502 2 498 5 
Fe	 9.51 0.07 9.12 0.06 7.39 0.05 8.73 0.06 
Co	 743 5 629 2 642 2 566 4 
Ni	 471 5 491 5 582 4 413 8 
Zn	 79 2   41.3 0.6   
Ge	 1575 11 1225 6 1074 4 1110 4 
Sr	 45.2 0.8   27.5 0.4   
Y	 1323 13 944 5 824 5 864 8 
Zr	 276 2   178 1   
Ba 104 2   53 1   
Hf 98 1   59.5 0.8   
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Table 7.9. (Continued). 
 D1718 sd D1758 sd C4757 sd C4521 sd 
Major elements by FE-SEM (wt%) 
n 6  6  9  9  MgO 17.5 0.2 20.6 0.3 17.4 0.3 14.8 0.3 
Al2O3 6.07 0.02 5.52 0.06 6.44 0.07 6.2 0.1 
SiO2 38.1 0.5 38.4 0.3 39.3 0.5 36.3 0.6 
CaO 7.63 0.1 6.78 0.08 8.3 0.1 7.5 0.1 
FeO 11.4 0.2 10.4 0.2 11.7 0.2 11.3 0.3 
TiO2 4.16 0.08 3.77 0.09 4.6 0.1 4.5 0.2 
Na2O 3.13 0.09 2.68 0.03 3.77 0.07 3.4 0.1 
P2O5 0.92 0.09 0.74 0.02 1.01 0.06 1 0.1 
K2O 3.38 0.07 3.05 0.06 3.66 0.04 5.7 0.4 
Total 92.3 1 92 1 96 1 91 1 
Cl* n.d  n.d  0.01 0.02 n.d.  
Trace elements by LA-ICPMS (ppm, unless specified) 
n 11  11  5  5  
Na2O (wt%) 3.3 0.2 2.5 0.3 2.9 0.2 3.4 0.4 
Al2O3 (wt%) 5.95 0.07 5.62 0.07 5.62 0.07 5.88 0.07 
P 3339 371 2100 438 3588 52 4666 609 
K2O (wt%) 6.9 0.1 6.37 0.07 6.42 0.04 8.8 0.7 
CaO (wt%) 7.2 0.3 6.3 0.1 6.9 0.2 6.7 0.2 
Sc 134 1 125.2 0.8 130 0.5 128 3 
TiO2 (wt%) 3.76 0.04 3.58 0.03 3.5 0.06 3.8 0.2 
V 216 15 193 44 171 25 158 28 
Cr 394 5 432 4 344 3 297 10 
Mn 469 14 433 8 471 6 491 21 
Fe 8.25 0.09 8.32 0.05 9.41 0.09 7.5 0.1 
Co 581 3 619 3 626 5 532 3 
Ni 476 13 645 11 646.2 0.5 391 7 
Zn       535 26 
Ge 1104 7 1060 6 1082 9 968 9 
Sr       37 3 
Y 780 27 645 37 761 18 827 31 
Zr       187 7 
Ba       62 5 
Hf       61 2 
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